The new Swiss glacier inventory 2000 : application of remote sensing and GIS by Paul, Frank
Zurich Open Repository and
Archive
University of Zurich
Main Library
Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch
Year: 2003
The new Swiss glacier inventory 2000 : application of remote sensing and
GIS
Paul, Frank
Abstract: Gletscherschwankungen gelten als die besten natürlichen Indikatoren für Klimaschwankun-
gen. Seit der Aufnahme des letzten Schweizer Gletscherinventares im Jahr 1973 kam es zu bedeutenden
Gletscheränderungen, welche durch ein neues Inventar quantifiziert werden. Dafür werden hochaufgelöste
(20 m), multispektrale Satellitendaten in Kombination mit einem Geographischen Informationssystem
und einem digitalen Höhenmodell eingesetzt, wodurch eine automatisierte Gletscherinventarisierung sowie
eine effiziente Datenprozessierung ermöglicht wird. Das Hauptziel dieser Arbeit ist die Zusammenstel-
lung und Evaluation der Methoden für die Gletscherinventarisierung aus dem All. Die Arbeit dient dabei
auch als Pilotstudie für das Projekt GLIMS, welches die Erstellung eines globalen Gletscherinventares
mit weltraumgestützten Sensoren zum Ziel hat. Die Hauptergebnisse dieser Arbeit sind:- Eine relativ
einfache Methode (mit einem Schwellwert klassierte TM4 / TM5 Bilder) liefert die besten Resultate für
die Gletscherkartierung, allerdings ist die Vor- und Nachverarbeitung der Satellitendaten zeitaufwendig
(z.B. Orthorektifizierung, Abgrenzung von Gletscherbassins).- Die Gletscher in der Schweiz haben von
1985 bis 1998 knapp 20% ihrer Fläche verloren. Das entspricht einer siebenmal höheren Verlustrate
pro Jahrzehnt als im Vergleichszeitraum 1850 bis 1973.- Kleine Gletscher trugen überproportional zum
gesamten Flächenverlust bei.- Das Gletscherverhalten ist räumlich sehr heterogen und Anzeichen einer
generellen Höhenabnahme können beobachtet werden. Glacier changes are among the best natural indi-
cators of climatic change. The time since the compilation of the last Swiss glacier inventory in 1973 has
been characterized by significant glacier changes which are now assessed by a new inventory. Application
of high-resolution (20 m), multispectral satellite data in combination with a Geographic Information Sys-
tem and a digital elevation model, enables automated glacier inventorying and efficient data processing.
The main focus of this work is to compile and evaluate the methods required for glacier inventorying
from satellite data. Thereby, this work also serves as a pilot study for the Global Land Ice Measurements
from Space (GLIMS) project which aims at a global glacier inventory from spaceborne sensors. The main
results of this work are: - A simple method (thresholded ratio images from Thematic Mapper (TM) bands
4 and 5) provides the best results for glacier mapping. However, pre- and post-processing of satellite
data is time consuming (e.g. orthorectification, glacier basin delineation). - Glaciers in Switzerland lost
nearly 20% of their area from 1985 to 1998. This gives a seven-times higher decadal loss rate as compared
to the period 1850 to 1973. - Small glaciers have contributed disproportional to the total loss of glacier
area.- Glacier behaviour is spatially very heterogeneous and there is strong evidence for down-wasting.
Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167/uzh-163148
Dissertation
Published Version
Originally published at:
Paul, Frank. The new Swiss glacier inventory 2000 : application of remote sensing and GIS. 2003,
University of Zurich, Faculty of Science.
2
The New Swiss Glacier Inventory 2000
Application of Remote Sensing and GIS
Dissertation
zur
Erlangung der naturwissenschaftlichen Doktorwürde
(Dr. sc. nat.)
vorgelegt der
Mathematisch-naturwissenschaftlichen Fakultät
der
Universität Zürich
von
Frank Paul
aus
Deutschland
Promotionskomitee
Prof. Dr. Wilfried Haeberli
Dr. Andreas Kääb
Prof. Dr. Klaus Itten
Zürich 2003

The New Swiss Glacier Inventory 2000
Application of Remote Sensing and GIS
For my mother

IThe New Swiss Glacier Inventory 2000 - Application of Remote Sensing and GIS PhD thesis Frank Paul
Summary
Glacier changes are considered to be the best natural indicators of ongoing climate changes.
Since glaciers are able to integrate atmospheric conditions (temperature and precipitation)
over a time period of climatic relevance (decades), their investigation is of great value to the
discussion of an anthropogenically-influenced increase in the natural greenhouse effect. Fluc-
tuations of Swiss glaciers have been documented in great detail for more than 100 years on
topographic maps and by taking annual measurements of length changes. The latest assess-
ment of glacier areas and topographic parameters is compiled in the 1973 Swiss glacier inven-
tory, which is based on cartographic-planimetric analysis of specially-acquired aerial
photographs. The new Swiss glacier inventory 2000 (SGI 2000) shows the possibilities and
limitations of a glacier inventory from satellite data using GIS (Geographic Information Sys-
tem) technology in combination with a digital elevation model (DEM).
There are a number of reasons for compiling a new glacier inventory: From about 1970 to 1985
Alpine glaciers experienced a well-documented phase of intermittent advance, which
included for a certain time 75% of all measured glaciers. Thereafter a strong decrease in gla-
cier length and size was observed. The consequences of this fluctuation have not been
assessed yet in full, as the sample of glaciers within the length measurement network is not
representative with respect to its size distribution, and only five percent of all Swiss glaciers
are included.
With the advent of the Landsat era in 1972, multi-spectral satellite imagery became available,
initially with a spatial resolution of 80 m (Multi-Spectral Scanner - MSS), and since 1982 also
with 30 m (Thematic Mapper - TM). These globally-available data sets document glacier
change quite well, thereby facilitating automatic assessments for large areas. In parallel, there
have been rapid advances in computer capacity during the 1980s, improving the efficiency
and capabilities of GIS and DEM-related calculations.
In the late 1990s, the USGS initiated the GLIMS (Global Land Ice Measurements from Space)
project to conduct a global glacier inventory from space using the ETM+ and ASTER sensors.
The SGI 2000 also acts as a pilot study for GLIMS, by investigating the required methods and
applying them to TM data from 1998/9 in order to create a new Swiss glacier inventory. Inter-
mediate glacier fluctuations are investigated with TM data from 1985 and 1992.
In the pre-processing stage, selection of the most suitable satellite scenes (with respect to
cloud cover and snow conditions), as well as their exact orthorectification, are the most
important tasks. Both issues are described in detail. The methods used in the literature for gla-
cier classification with TM are discussed and illustrated for a test region. The accuracy of the
most appropriate method (a thresholded ratio image from TM4 and TM5 raw data) is
assessed by means of comparison with higher-resolution satellite imagery. The influence of
the various pre- and post-processing steps on the derived glacier areas are also examined.
A geographic information system (GIS) enables the automatic processing, integration, analy-
sis and display of spatially-oriented data sets (e.g., raster, vector, image), as well as storage
and management of object specific attributes, making it a preferred tool for conducting glacier
inventories. In order to facilitate GIS-based processing, the glacier inventories from 1973 and
1850 are digitized. Outlines from 1973 are also used to define glacier basins for intersection
with the TM-derived glacier areas. 3D glacier parameters are obtained by fusion of glacier
outlines with a DEM and DEM-derived products (such as slope or aspect).
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The most costly work in technical terms is the accurate orthorectification of the satellite scenes
used as well as the manual delineation of debris-covered glaciers. A semi-automatic method
for classification of debris-covered ice as developed for the SGI 2000 supports this task. Meth-
odological questions are encountered relating to glacier identification (basin delineation) and
to the calculation of glacier parameters or length changes after a change in glacier geometry.
For this purpose the definition of new and GIS-adapted standards is required in the future.
The main results of the glacier change analysis are:
• The relative loss in glacier size from 1973-1998/9 is about -20%, with small changes until
1985 (-1%) and a loss of about -10% from 1985-1992 and 1992-1998/9. Glaciers smaller
than 1 km2 contribute about 40% to the total loss although they cover only 15% of the
area.
• The average decadal relative loss of area from 1985 to 1998/9 is about seven times higher
than from 1850 to 1973 (the samples are not exactly identical).
• The relative changes in glacier size are highly individual with a fair dependence on gla-
cier size (increasing scatter towards smaller glaciers) and no correlation to other investi-
gated parameters. Only a large number of glaciers from all size classes will give a
representative evaluation of ongoing changes.
• Loss of glacier area (valley and mountain glaciers) is due to separation from formerly con-
nected tributaries and emerging rock outcrops. Shrinkage of small glaciers took place
along the entire perimeter and is enhanced by disintegration.
III
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Zusammenfassung
Gletscheränderungen gelten als die bedeutendsten natürlichen Indikatoren für Klimaände-
rungen. Da Gletscher die atmosphärischen Bedingungen (Temperatur und Niederschlag)
über einen klimatisch relevanten Zeitraum (Dekaden) integrieren, ist die Untersuchung ihres
Verhaltens im Zusammenhang mit der Diskussion um eine anthropogen bedingte Zunahme
des natürlichen Treibhauseffektes besonders interessant. Die Schwankungen der Schweizer
Gletscher sind seit über 100 Jahren auf topographischen Karten und durch jährliche Messun-
gen von Längenänderungen dokumentiert. Letztmalig wurden die Flächen und topographi-
schen Parameter aller Schweizer Gletscher im Inventar von 1973 erfasst, welches auf der
kartographisch-planimetrischen Auswertung von speziell angefertigten Luftbildern basiert.
Das Schweizer Gletscherinventar 2000 (SGI 2000) zeigt die Möglichkeiten und Grenzen eines
GIS-basierten Inventars aus Satellitendaten und einem digitalen Höhenmodell (DHM) auf.
Die Gründe für ein neues Gletscherinventar sind vielfältig: Von etwa 1970 bis 1985 kam es zu
einer gut dokumentierten Gletschervorstossphase, an der zeitweilig bis zu 75% aller vermes-
senen Alpengletscher beteiligt waren. Anschliessend kam es zu einem starken Gletscher-
schwund. Die Auswirkungen dieser Fluktuation auf die Gletscherflächen war bisher
gesamthaft unbekannt, da z.B. die Stichprobe im Längenänderungsmessnetz bezüglich der
Grössenklassen nicht repräsentativ ist und überdies nur etwa 5% aller Gletscher enthält.
Mit dem Beginn der Landsat Ära im Jahr 1972 stehen multispektrale Satellitenbilder mit
zunächst 80 m (Multi Spectral Scanner - MSS), seit 1982 auch mit 30 m (Thematic Mapper -
TM) Bodenauflösung zur Verfügung, welche die Gletscherentwicklung sehr gut dokumen-
tieren und sich bestens für eine grossflächige und automatisierte Auswertung eignen. Parallel
dazu setzte in den 80er Jahren eine rasante Entwicklung bei der Rechenleistung von Comput-
ern ein, welche auch den effizienten Einsatz von GIS und Höhenmodellen beschleunigte.
Ende der 90er Jahre wurde vom USGS das Projekt GLIMS (Global Land Ice Measurements
from Space) lanciert, welches die Erstellung eines globalen Gletscherinventars aus Daten der
Sensoren ETM+ und ASTER zum Ziel hat. Das SGI 2000 stellt für dieses weltweite Projekt
eine Pilotstudie dar, in der die erforderliche Methodik untersucht wird sowie durch Anwen-
dung auf TM Szenen der Jahre 1998/9 ein neues Schweizer Gletscherinventar erstellt wird.
Kurzfristigere Schwankungen werden durch Auswertung der Jahre 1985 und 1992 erfasst.
Bei der Vorverarbeitung ist die Auswahl der geeignetsten Satellitenszenen (Wolken, Schnee-
verhältnisse) wie auch die genaue Orthorektifizierung aller Szenen von grösster Wichtigkeit.
Die in der Literatur diskutierten Methoden der Gletscherklassifikation mit TM Daten werden
vorgestellt und für ein Testgebiet miteinander verglichen. Die Genauigkeit der besten
Methode (segmentiertes Ratiobild aus TM4 / TM5 Rohdaten) wird durch Vergleich mit höher
aufgelösten Satellitendaten ermittelt. Die Auswirkungen der verschiedenen Vor- und Nach-
verarbeitungsschritte auf die abgeleiteten Gletscherflächen werden ebenfalls untersucht.
Geographische Informationssysteme (GIS) erlauben unter anderem die automatisierte Verar-
beitung, Integration und Visualisierung von raumbezogenen Datensätzen aller Art (Raster,
Vektor, Bild) sowie die Verwaltung von objektspezifischen Attributen. Damit eignen sie sich
besonders für ein digitales Gletscherinventar. Für die GIS-basierte Verarbeitung wurden die
Gletscherinventare von 1973 und 1850 digitalisiert. Die digitalisierten Gletscherumrisse von
1973 definieren zugleich die Einzugsgebiete (Bassins), mit denen die aus TM Daten abgeleite-
ten Gletscherflächen verschnitten werden. 3D Gletscherparameter werden durch Verschnei-
den der Gletscherumrisse mit einem DHM sowie daraus abgeleiteten Produkten berechnet.
IV
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Technisch aufwendig ist die genaue Orthorektifizierung aller Satellitenszenen sowie die
manuelle Abgrenzung schuttbedeckter Gletscher. Eine zur halbautomatischen Schuttklassie-
rung entwickelte Methode war dabei sehr hilfreich. Methodische Probleme ergeben sich bei
der Gletscheridentifikation (Bassinabgrenzung) sowie der Berechnung von Gletscherparame-
tern und Längenänderungen nach einer Veränderung der Gletschergeometrie (Aufspaltung).
Hierfür wäre zukünftig die Definition von verbindlichen und GIS-tauglichen Regeln nötig.
Die wesentlichen Ergebnisse der Gletscherdatenauswertung sind:
• Zwischen 1973 und 1998/9 haben die Schweizer Gletscher etwa 20% ihrer Fläche verlo-
ren, wobei der Verlust bis 1985 sehr gering ist (-1%) und etwa gleich gross (-10%) für die
Perioden 1985 bis 1992 und 1992 bis 1998/9. Gletscher kleiner als 1 km2 tragen etwa 40%
zum totalen Verlust bei, obwohl sie nur 15% Anteil an der Gesamtfläche haben.
• Der mittlere Flächenverlust pro Dekade zwischen 1985 und 1998/9 ist etwa sieben mal
grösser als zwischen 1850 und 1973 (die Stichproben sind jedoch nicht ganz identisch).
• Die relativen Flächenänderungen sind sehr individuell, hängen nur schwach von der
Gletschergrösse ab (zunehmende Streuung mit kleineren Gletschern) und korrelieren
nicht mit anderen untersuchten Parametern. Allgemeine Rückschlüsse über Gletscherän-
derungen sind deshalb nur für grosse und repräsentative Stichproben sinnvoll.
• Grosse Gletscher verlieren Fläche durch Abtrennung von Seitengletschern und Aus-
schmelzen von Felsinseln. Bei kleinen Gletschern tritt der Flächenverlust entlang des
gesamten Perimeters auf oder beschleunigt sich durch Eiszerfall.
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1. INTRODUCTION
1.1. Background
Changes in glaciers are among the best natural indicators of climatic change (Haeberli, 1990
and 1994; IPCC, 2001; Oerlemans, 1986 and 1994). Since the end of the Little Ice Age (LIA)
around 1850, alpine glaciers worldwide have retreated up to several km (Grove, 1988). Such
extreme changes in glacier length are much easier for the general public to discern than is the
0.7 °C increase since 1850 in the globally-averaged mean surface temperature. In a global con-
text, glaciers play an important role in the production of energy (hydro-electric power), they
have an effect on hydrologic regimes, agriculture, tourism and sea level rise and they are a
source of natural hazards (UNEP, 1992). The recent drastic glacial retreat in the Himalayas is
responsible for the considerable increase, in size and in number, of glacier lakes, endangering
numerous settlements down the valley (UNEP, 2002). Also in the Alps, glacier fluctuations
over the last few centuries have been linked with natural hazards such as ice avalanches or
glacier lake outbursts (Glacierhazards, 2002). Historical catastrophes of this order provided
the impetus for the initial scientific investigations of glaciers (Richter, 1892; Walcher, 1773).
Accurate topographic maps dating from the end of the 19th century, combined with the early
beginning of annually repeated length measurements at selected glaciers (Forel, 1895), make
the changes in Swiss glaciers since the LIA among the best documented in the world. Since
1850, glaciers in the Alps have retreated more or less continuously (depending on size), inter-
rupted by advance periods from 1920-1930 and 1970-1985 (Gross, 1987). During the 1970s
national glacier inventories from aerial photography were compiled around the world (IAHS,
1980 and 1989) following international standards and documenting strongly-reduced glacier
extension since the LIA maximum extent in the Alps. Glacier changes since 1850 have been
documented by Maisch et al. (2000) for Switzerland and by Gross (1987) for Austria. Since
1985 most glaciers have been retreating at accelerated rates and today’s glacier size is, apart
from a few cases, not known. Moreover, repeated compilation of regional inventories at time
intervals of a few decades, the typical dynamic response time of mountain glaciers, is now
part of the Global Climate Observing System (GCOS) and the time for compilation of a new
glacier inventory including documentation of changes has come (Haeberli et al., 2002a).
With the launch of the first Landsat satellites in 1972, digital data from the Multi-Spectral
Scanner (MSS) sensor at 80 m resolution became available for glacier studies. Since 1984 the
Landsat radiometer Thematic Mapper (TM) has been acquiring calibrated data in seven spec-
tral bands at 30 m resolution achieving almost global coverage today. Many studies have
shown the potential of glacier classification with TM, based on differences in spectral reflec-
tivity of ice and snow compared to other terrain (e.g., Hall et al., 1987 and 1992; Jacobs et al.,
1997; Sidjak and Wheate, 1999; Williams et al., 1991 and 1997). Theses studies were mostly
applied to small regions, because commercial distribution of raw digital data results in high
prices, prohibiting large scale applications (Williams and Hall, 1993 and 1998).
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With the launch of the satellites Landsat 7 and Terra, prices have decreased and international
collaborations for worldwide glacier monitoring from satellites were initiated (GLIMS, see
below). Within the framework of GCOS, a Global Hierarchical Observing Strategy (GHOST)
of tiers has been defined, specifying satellite-derived glacier inventories as Tier 5 (Haeberli et
al., 2000). In order to examine the required methods and address possible problems, Landsat 5
TM data from 1998 and 1999 are used for a new Swiss glacier inventory (SGI 2000). The large
area covered on a single TM-scene (185 km on each side) combined with the high-spatial reso-
lution (30 by 30 m per pixel), favours this sensor for glacier monitoring.
One drawback of most existing glacier inventories is that glacier outlines are given as ana-
logue maps. This makes the quantitative tracking of changes in glacier geometry a laborious
task. Nowadays, the management of digital geospatial data uses a Geographic Information
System (GIS). A GIS also allows data capture, storage, retrieval, analysis and display (Walsh
et al., 1998), making it a preferred tool for glacier inventorying. The integration of classified
glacier maps (derived from satellite data or other sources) is possible by raster-vector conver-
sion with glacier data stored in attribute tables. Furthermore, a GIS allows script-based auto-
matic processing, enabling rapid and efficient application of established algorithms to new
data sets. This is of great advantage for the operational monitoring of glaciers.
Apart from analyzing changes in glacier area, the combination with a digital elevation model
(DEM) allows calculation of 3D glacier parameters. This includes parameters that could
directly be inferred from the DEM (e.g., highest or lowest point of a glacier) as well as param-
eters obtained from DEM-derived products (e.g., slope, aspect). The spatial resolution and
vertical accuracy of the DEM used should be appropriate for the size of the glaciers moni-
tored. A DEM is also required for orthorectification in alpine terrain and is used in the SGI
2000 for visualization of glacier changes in 3D perspective views.
The SGI 2000 will also serve as a pilot study on methods and problems of glacier monitoring
from space for the USGS-led GLIMS project (Global Land Ice Measurements from Space),
which aims at a global inventory of all land-ice masses from satellite. According to Tier 5 of
GHOST, a network of international collaboration is established within GLIMS, facilitating
efficient (regional) data processing and global communication of problems and standards, in
order to transfer ground-based to digital methods (see also Haeberli et al., 1998).
1.2. Objectives
The two central issues of the SGI 2000 are: (1) examination of methods for obtaining glacier
inventories by combined use of remote sensing, GIS and DEMs, and (2) application of these
methods to satellite imagery from Switzerland in order to obtain a new digital glacier inven-
tory. Some of the investigations with respect to (1) are:
• A review of methods for multi-spectral glacier mapping as discussed in the literature;
• application of these methods to a test region and selection of the ’best’ method;
• evaluation of the accuracy of this method by comparison with higher resolution data sets;
• assessment of errors due to image pre-processing and sensor resolution;
• development of a method for mapping of debris-covered glacier ice;
1.3. GENERAL WORK FLOW 3
The New Swiss Glacier Inventory 2000 - Application of Remote Sensing and GIS PhD thesis Frank Paul
1.
• digitizing of 1973 glacier outlines from the original topographic maps;
• GIS-based extraction of individual glaciers from the TM-derived maps;
• inferring 3D glacier parameters from DEM fusion for digitized and TM-derived glaciers;
• investigating the possibilities for GIS-based automatic data processing.
With respect to point (2) the new SGI 2000 should include:
• New digital outlines for most Swiss glaciers in 1998/9 (1985 and 1992 where available);
• DEM-derived glacier parameters for 1973 with an update for 1998/9;
• calculation of glacier area changes since 1973 for various time intervals;
• dependence of glacier changes on glacier parameters;
• calculation of length changes and application to mass balance parameterizations;
• visualization of glacier changes with 2D and 3D graphics.
1.3. General work flow
In order to achieve these objectives, they are integrated in a work-flow which is given in Fig.
1.1 and discussed below. The work-flow is non-linear and in practise many of the tasks are
performed in parallel. The colours and symbols used in Fig. 1.1 were related to GIS-based
processing and data (yellow ellipses), digital image processing (DIP) issues (blue rectangles),
and combination of GIS and DIP (green rounded rectangles). Required additional input (data
or methods) is shown in black boxes and dotted lines denote additional usage of data.
First (cf. top right of Fig. 1.1), suitable Landsat TM scenes must be selected. Apart from cloud-
free conditions, scenes must be acquired at the end of the melting period in years with a mini-
mum amount of snow remaining adjacent to glaciers. The corresponding internet-based anal-
ysis of quicklooks is not easy, as their resolution often gives no clear evidence of snow condi-
tions. The most time-consuming part is the geocoding of satellite imagery, which includes the
collection and exact positioning of suitable ground control points (GCPs). The DEM should
cover the entire region of the satellite scene, in order to avoid misregistration. Different meth-
ods of glacier classification are tested within a small sub-region of the entire scene and the
accuracy of the most appropriate method is evaluated further. Methods for the mapping of
debris cover and snow are examined in further test regions.
The separation of contiguous ice bodies in the classified satellite map (according to their 1973
divides) is accomplished by interactive digitizing of glacier basins using the digitized glacier
outlines as a background. After glacier IDs (identification codes) are added, each glacier can
be extracted within the GIS from the classified satellite map.
The digitized glacier outlines from 1973 are combined with a DEM to obtain 3D glacier
parameters. Glacier change statistics are calculated from these data set and additional out-
lines derived from TM imagery for distinct years. Glacier outlines are also used in combina-
tion with a DEM for visualization of glacier changes. While the final SGI 2000 will contain all
the data, the GLIMS or WGMS database will use only selected parts of it.
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Figure 1.1: Schematic overview of individual steps towards the new Swiss glacier inventory (SGI
2000). While some parts are performed solely in the GIS or DIP environment, the integration of both
data sets is performed by raster-vector conversion and vice versa.
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1.4. Structure of the thesis
Discussion of the objectives mentioned before is organized in the following way: Theoretical
background on glaciers, DEMs, remote sensing and digital image processing is given in Chap-
ters 2 to 4, applications in Chapter 5 (glacier classification) and 6 (GIS related processing), and
results (glacier change statistics) in Chapter 7. At the end conclusions and perspectives, refer-
ences and an appendix are given. A short summary for each chapter is given below.
Chapter 2 (Glaciers) gives background on glacier formation, occurrence, types and properties.
Glacier monitoring is presented with respect to traditional methods, the use of remote sensing
techniques and GIS applications. The significance of glacier monitoring in various fields (cli-
mate change detection, natural hazards, hydrology) is discussed in the last paragraph of the
chapter.
Chapter 3 (Digital elevation models) gives information on DEMs in general and the DEM25
used, in particular. The accuracy of the DEM25 is investigated with respect to glacier parame-
ters and previous glacier-related studies with DEMs are discussed. DEM applications within
the SGI 2000 (orthorectification, glacier parameters, digital terrain modelling, visualization)
are summarized in this chapter.
In Chapter 4 (Remote sensing) characteristics of the satellite sensors used are explained, an
overview of the processed scenes is given, and geometric errors of Landsat raw data are
described. The process of orthorectification and atmospheric correction is explained in theory
and by application to a test region. Afterwards, the spectral properties of ice and snow are
described with respect to TM and the digital image processing techniques as used in the SGI
2000 for mapping of snow and ice are presented. The chapter closes with a description of
image fusion as used in the SGI 2000.
In Chapter 5 (Methods for glacier mapping) a review of methods for glacier mapping from
Landsat data is given and the application of these methods to a test area is shown, including a
compilation of error sources. A new method for mapping debris-covered glacier ice is pre-
sented and the method used for mapping of snow on glaciers is discussed thereafter. The
chapter finishes with an accuracy assessment of the TM-derived glacier outlines by compari-
son with higher-resolution satellite data.
Chapter 6 (GIS) starts with a description of GIS definitions and commands used. Next, the
digitizing of the Swiss glacier inventory and the GIS-integration of TM-derived glacier maps
is explained. Deriving glacier parameters by DEM fusion is described and at the end the
processing, work-flow and its application is discussed.
Chapter 7 (Results) gives results from the application of the developed methods to Swiss gla-
ciers. Starting with a description of the digitized data sets and their usage for visualization,
the next paragraph gives basic data from the digitized 1973 inventory (e.g., histograms and
scatter plots). Glacier change since 1973 for various samples and time intervals is presented
and a parameterization scheme to obtain further glacier parameters is applied to the digital
glacier data. A general discussion of the results concludes the chapter.
The main conclusions and perspectives for future work are summarized in Chapter 8 (Con-
clusions and perspectives). The work concludes with references and an appendix, which
gives additional data (tables, programs, visualizations).
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All figures with TM-images or vector outlines are oriented north, if not indicated otherwise.
Special fonts (capital letters, plain, HELVETICA) are used for programs of the digital image
processing software (PCI, 1998) and Arc/Info commands (small letters, italic, helvetica) or
products/names (italic). The software applied is described in App. 4. The last page gives a list
of used acronyms and abbreviations and a short index to the chapters. The use of names
which are protected by a copyright without explicit notification within this thesis does not
indicate that they can be used free of charge.
For the following Figures the DEM25 (level1 or level2) from Swisstopo (former Swiss Federal
Office of Topography) is used:
3.1, 3.2, 3.5, 3.6, 3.7, 4.11, 5.7, 5.8, 6.7, 7.1, 7.4, 7.5, 7.15, 7.16 and App. 3.3-1 to 3.3-5.
The DEM25 is reproduced by permission of the Swiss Federal Office of Topography
(BA024887).
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2. GLACIERS
2.1. Background
2.1.1. Formation of glacier ice
Glaciers can be defined as visibly moving bodies of perennial surface ice that have been
formed by recrystallization (or metamorphism) of snow. The snow crystals are transformed to
rounded grains by evaporation and mechanical destruction (wind, compression), as well as
by cycles of melting and refreezing, if temperature permits. After one year of metamorphism
the material is called firn. Further compression under subsequent layers of snow will finally
turn the firn to ice which is by definition not permeable for air. The time needed for the trans-
formation of snow to ice depends on the present climatic regime and the availability of perco-
lating meltwater, as it strongly facilitates metamorphosis (e.g., Paterson, 1994; UNEP, 1992;
Wilhelm, 1975).
Mean annual air temperature and precipitation control global distribution of glaciers as well
as their climatic regime. Their occurrence depends on the elevation of the equilibrium line
(see 2.1.2) and a given topography, which must be above the equilibrium line and allow snow
accumulation. The climate type can range from maritime (high precipitation and tempera-
tures) to continental (low precipitation and temperatures), with a transitional type in-between
(cf. Fig. 2.1). While mean temperature on earth is decreasing from low to high latitudes and
altitudes, the precipitation pattern is very complex and dominated by the global circulation
pattern with a strong influence of topography. These two parameters cause the observed dis-
continuous global glacier distribution, as documented for the northern hemisphere by Field
(1975), for the southern hemisphere by Mercer (1967) and in the first status report of the world
glacier inventory (IAHS, 1980 and 1989).
Figure 2.1: The climate type of a glacier is governed by the annual precipitation and the average
annual air temperature at the equilibrium line (after UNEP, 1992).
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2.1.2. Glacier zones
In the upper parts of a glacier, gain of snow (accumulation) is greater than its loss (ablation),
in the lower parts it is vice versa. The transient snow line (TSL) defines the position of the ice/
snow boundary during the year. At the end of the melting period or balance year, the TSL is
often near to the equilibrium line (EL), where accumulation equals ablation. A possible zone
with refrozen meltwater and soaked firn (superimposed ice zone, SIZ) is located below the
TSL and belongs to the accumulation area. Firn layers from previous years appear below this
zone and are part of the ablation area (Fig. 2.2). Thus, the ablation area contains the bare ice
and firn zone and the accumulation area covers the SIZ and the snow zone (Gross et al., 1976;
Paterson, 1994). The latter is divided into a dry snow, percolation and wet snow zone for Arc-
tic glaciers (Müller, 1962). In the Alps nearly all glaciers below 3500-4000 m a.s.l. have a wet
upper snow layer at the end of the ablation period (absent dry snow and percolation zone),
but some regions with cold firn and ice exists (Haeberli and Alean, 1985; Suter et al., 2001).
Impurities (dust, soot, debris) and meltwater are visible on the glacier surface in the ablation
area, diminishing reflection compared to the accumulation area (e.g., Koelemeijer et al., 1993).
Figure 2.2: Schematic profile of the different ice and snow zones on a glacier (after Paterson, 1994;
Williams and Hall, 1993), including zones for mid-latitude glaciers in green (after Shumskii, 1964).
Since spectral properties of snow change with grain size and liquid water content (e.g., War-
ren, 1982; Winther, 1993), some of the zones mentioned above can be distinguished from
space. Williams et al. (1991) and König et al. (2001) have investigated the visibility of each
zone by means of optical and SAR (Synthetic Aperture Radar) data, respectively. For alpine
glaciers, the separation of firn from snow and between the SIZ and the bare ice zone is of
interest, for the purpose of distinguishing the accumulation area from the ablation area.
According to König et al. (2001), a possible SIZ cannot be detected from optical satellite data
(same reflectance as ice) or SAR data (same material as bare ice). Possible firn layers cannot be
distinguished from snow in the case of clean firn or from ice in the case of polluted firn (Gross
et al., 1976). Assuming a comparatively small SIZ and generally dirty firn layers on Alpine
glaciers, it may be possible to distinguish the accumulation (snow) from the ablation (ice, firn)
area. Moreover, Hall et al. (1987 and 1988) and Williams et al. (1991) were able to distinguish
slush (soaked snow) from fresh snow with TM data (see top of Fig. 2.2).
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The classification of the snow zone from space is of interest with respect to a glacier’s mass
balance. Definitions of mass balance terms were given by Meier (1962), were discussed by
Hoinkes (1970) and reviewed by Dyurgerov (2002). For many glaciers with a measured mass
balance series, a near-linear relationship between the equilibrium line altitude (ELA) and
mean specific net mass balance <bn> (in mm water equivalent per unit area) of a certain year
was established (e.g., Braithwaite, 1984; Kulkarni, 1992; MBB, 2001). Such a relationship can
be used to determine an ELA corresponding to a <bn> of 0, the steady state ELA or ELA0.
Strictly speaking, the ELA concept is only valid for glaciers, where <bn> is a linear function of
elevation, excluding most glaciers with debris-covered tongues, nourished by avalanches or
with an irregular hypsography (Braithwaite and Müller, 1980). Assuming an EL that corre-
sponds to the TSL at the end of a balance year, the accumulation area ratio (AAR) can be cal-
culated from the snow-covered glacier area divided by the entire glacier area (e.g., Paterson,
1994). The AAR also correlates with <bn> (e.g., MBB, 2001), for some glaciers the correlation is
even higher than with ELA (Reinwarth and Escher-Vetter, 1999). Analogue to the ELA0 calcu-
lation, an AAR0 can be obtained for each glacier measured.
While Gross et al. (1976) determined an average AAR0 of 0.67 (or 2/3) for six Alpine glaciers,
a more recent investigation by Bader (1990) with nine glaciers suggests 0.6 for AAR0. He also
pointed out that the AAR0 depends on the climate type of a glacier (smaller for maritime
type, higher for continental type) and that topographic and morphologic conditions influence
its value. As a result of the many exceptions, there is some debate if the AAR0 concept is of
any use for global comparisons, for instance for Quaternary ELA reconstructions (Benn and
Lehmkuhl, 2000; Klein et al., 1999). However, the AAR of a certain year can be derived from
satellite data (taken near the end of the ablation period) for a large number of glaciers at the
same time (Aniya et al., 1996; Østrem, 1975; Rott, 1976) and a comparison with a measured
AAR0 for that region can be used to indicate mass balance qualitatively.
For each glacier measured, ELA0 and AAR0 values were also reported in the bi-annually pub-
lished mass balance bulletin (e.g., MBB, 2001). All mass balance measurements available so
far were recently published by Dyurgerov (2002) and reviewed by Braithwaite (2002). This
allows selection of appropriate AAR0 values for nearly every mountain region in the world, if
satellite derived AAR measurements were analyzed. However, the more serious issue is to
find appropriate satellite scenes from the end of the ablation period to allow AAR calcula-
tions. In most cases, just the best available scene for glacier classification is used and derived
AAR values only indicate regional snow distribution and not glacier mass balance.
2.1.3. Glacier fluctuations and climate change
In general, the advance or retreat of a glacier tongue is a complex dynamic reaction to a
change in local climate, at least for larger alpine glaciers (cf. Fig. 2.3). As a glacier flows to
lower elevations, temperature is increasing and the melting of ice dominates. In the case of a
stationary glacier front, this melting balances the ice flux, which is determined by the cross
section of a glacier and its flow velocity. If a glacier tongue is advancing (or receding), the flow
velocity must be above (or below) its balanced value. This change in flow velocity will result
after several years with mainly positive or negative mass balances. The response time of a gla-
cier to a change in climate (e.g., more precipitation / higher temperatures) depends on many
factors, such as its climate sensitivity (determined by its mass balance gradient), mean slope,
length and hypsography. However, the change in glacier length as a result of climate change
is a strongly smoothed and delayed, but also an enhanced signal, while mass balance is the
direct and undelayed reaction to the local weather conditions during a year (Haeberli, 1995).
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Figure 2.3: Change in glacier length as delayed reaction to a climatic change (after Haeberli, 1995).
2.1.4. Distribution of glaciers
According to the status report of the world glacier inventory (IAHS, 1989), 549056 km2 of the
earth’s surface is covered by glaciers and ice caps, which is 3.5% of the entire glacierized area
(15.86 × 106 km2) if the continental ice sheets Antarctica (13.586 × 106 km2) and Greenland
(1.726 × 106 km2) are included. Taking this 3.5% as 100%, European glaciers (including Iceland
and Svalbard) account for 53967 km2 or 9.8%, Alpine glaciers for 2909 km2 or 0.5% (see App.
1-1), and glaciers in Switzerland for 1342 km2 or 0.24%. A more detailed discussion of the glo-
bal glacier distribution with respect to their area is given by Zuo and Oerlemans (1997).
In the Alps (and also in Switzerland) the size distribution of glaciers is strongly biased. In the
1973 Swiss glacier inventory (Müller et al., 1976) glaciers smaller than 1 km2 cover 24.1% of
the area, but they account for 78.7% of the number (Fig. 2.4a and App. 1-2). Annual observa-
tion of changes in glacier length are mainly performed for glaciers larger than 1 km2, in the
Swiss network they account for 76.2% by number and 98.2% by area (Fig. 2.4b and App. 1-2).
Thus, little is known from the length measurements about the changes in glaciers smaller than
1 km2. In the Alps these small glaciers account for 1/3 of the entire glacierized area (1/4 in
Switzerland) and thus they play an important role in hydrology.
From the estimated 160000 glaciers worldwide (Meier and Bahr, 1996), about 800 have annual
length measurements (e.g., IAHS, 1998) and about 50 glaciers experience mass balance meas-
urements (e.g., Dyurgerov and Meier, 1997a; MBB, 2001), mostly concentrated in the Alps and
Scandinavia. Although glaciers with length change measurements in the Alps are rather small
compared to other regions in the world, the historical record of measurements is the longest
and most complete, revealing in great detail the dynamic reactions of glacier tongues to cli-
matic changes.
Figure 2.4: Percentage of number (left circle) and area (right circle) for seven area classes (data from
1973): (a) within the Swiss glacier inventory and (b) within the Swiss length measurement network.
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2.1.5. Glacier types
Apart from climatological parameters, topography determines the size of a glacier as well as
its general shape, form and profile. UNESCO (1970) has published a scheme for glacier char-
acterization based on these categories. With respect to the glacier type (first digit of the code)
the following categories were used: ice sheet, ice field, ice cap, outlet-, valley- and mountain
glacier, glacierete, ice shelf and rock glacier. While the term ice sheet is only used for Antarc-
tica and Greenland, ice fields can be found in numerous regions of the world (e.g., Patagonia,
Alaska, Norway). They are composed of a large ice mass (with nunataks) from which several
‘outlet glaciers’ originate, divided by mountain ridges. An ice cap is a compact mass of ice,
which is not divided by topography, but also with numerous ‘outlet glaciers’ possible (e.g.,
top of many volcanoes, Vatnajøkul, Barnes Icecap). In the Alps the types valley and mountain
glacier predominate with respect to the area covered, and glacieretes account for most of the
glaciers by number. Also some small ice caps (or corniches) exist.
For illustration and reference, a few examples of Alpine glaciers are shown in Fig. 2.5 (see
Bachmann (1978) for detailed descriptions with hundreds of pictures). The ‘Oberaargletscher’
in Fig. 2.5a illustrates the single basin type with a regular hypsography. The brighter snow-
covered area is clearly distinguishable from the darker bare ice zone (ablation area). The TSL
shows a quite complex structure in this picture from late August 1993, but its highest position
is not reached. The glacier terminus has contact to a lake by the end of summer (used for
hydro-power generation), resulting in an ice-cliff shaped terminus with calving characteris-
tics. While the glacier perimeter is well-defined to the right (although debris cover is present),
it is hardly recognizable to the left.
In Fig. 2.5b the lower part of the Trientglacier tongue in August 1992 is shown, still in an
advanced position with a convex terminus shape, but already showing some depressions.
Although free of larger debris (stones, pebbles), the very end of the tongue appears quite
dark, due to debris of a much smaller size (sand, silt). The glacier is located at the outer west-
ern rim of the Alps and has a large accumulation area with a comparable short and steep
tongue, resulting in a high climate sensitivity (e.g., Oerlemans and Hoogendorn, 1989).
The debris cover detail presented in Fig. 2.5c illustrates differences in ablation due to debris
cover of varying thickness (e.g., Nakawo and Rana, 1999). While most of the small pebbles
melt themselves a few cm into the ice (resulting in a porous surface), the large stone visible
(about 5 cm thick) protects the ice underneath from melting and rests on a pedestal. As some
ice shines through everywhere, multi-spectral ice classification may still be possible here.
The disintegrating tongue of the comparably large Triftglacier (size 17.1 km2) as seen in
August 2002 is shown in Fig. 2.5d. The hypsography is similar to the Trientglacier, but the end
of the glacier tongue rests in a closed basin. Due to a reduced ice flux over a ridge, surface
lowering leads finally to formation of a lake at the terminus. This lake has grown drastically
during the last 3 years and a collapse of the tongue by floating is expected (cf. App. 3.3-3b).
Automatic determination of glacier terminus position from satellite imagery is quite difficult
in such cases with mixed pixels of turbid water / floating ice / glacier ice.
Liquid water may occupy a large part of a glacier surface in the ablation area, as visible from
Fig. 2.5e (bright lines), showing a part of the ‘Pasterzenkees’ tongue (Austria) in back light.
Due to this water, spectral properties of the bare ice zone are significantly altered. In the last
spot, Fig. 2.5f a totally debris-covered glacier tongue is depicted (‘Ödenwinkelkees’, Austria),
indicating the problems in glacier classification from spectral properties alone. In such cases,
DEM information may also be useless and even manual delineation may fail.
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Figure 2.5: A few examples of Alpine glaciers. a) Single basin ‘Oberaargletscher’ (5.2 km2, Bernese
Alps), terminating periodically in a lake. b) Advanced tongue of Trientglacier (6.6 km2, Mont Blanc
region), free of a thicker debris cover. c) Differences in ablation due to debris cover with varying size. d)
Disintegrating tongue of Triftglacier (17.1km2). The lower, flat part of the tongue is about 2 km long. e)
Meltwater channels in back light (bright lines) at the surface of ‘Pasterzenkees’ (Austria), swallowed by
moulins. f) Totally debris-covered glacier snout of ‘Ödenwinkelkess’ (Austria), illustrating the prob-
lems of glacier delineation in such cases. All photos by the author.
a) b)
c) d)
f)e)
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2.2. Glacier monitoring
2.2.1. Traditional data compilation
The historical evolution of worldwide glacier monitoring - from measuring length changes to
mass balance studies to compilation of glacier inventories - is well documented (e.g., Haeberli
et al., 1989; Haeberli, 1998). In recent years glacier monitoring has had its main focus on cli-
mate change detection (Haeberli, 1995; Hoelzle et al., 2000), as glaciers are considered to be
prime indicators for ongoing climate changes (e.g., IPCC, 2001; Oerlemans, 1986 and 1994).
The continuation of the established measurement network in the future is, thus a major chal-
lenge for this millennium and integration of glacier monitoring in the Global Climate Obser-
vation System (GCOS) is strongly encouraged (Haeberli et al., 2000 and 2002a).
History of glacier observation
Globally-coordinated observation of glacier changes was initiated in 1894 during the 6th
International Geological Congress in Zurich, to answer the following central glaciological
questions of that time (Forel, 1895):
1. What are the mechanisms of glacier fluctuations, and are they globally uniform and
synchronous with extraterrestrial cause or not?
2. What were the causes for the ice ages?
According to Haeberli (1998), annual measurements of glacier length changes were initiated
to answer these questions. The collected data have been published annually from 1896 to
1913, covering mainly the Alps and Scandinavia and rare information from the southern hem-
isphere. Between 1914 and 1961 the reports became thinner and were issued at longer time
intervals. During the International Hydrological Decade between 1965 and 1974, many mass
balance measurements were started and published in the ‘Fluctuations of Glaciers’ series at 5-
year intervals since. In the present mass balance data from the USSR, USA and Canada have
also been included. In the 1970s and 1980s, data from the southern hemisphere as well could
be integrated regularly and a major step towards standardization and computer processing
was accomplished. A World Glacier Inventory (WGI) was planned for the second half of the
20th century and instructions and guidelines for compilation were developed (UNESCO,
1970). Detailed and preliminary inventories were collected all over the world in a form com-
patible with computer processing. In 1986 the World Glacier Monitoring Service (WGMS) was
founded to:
1. complete and upgrade the global glacier inventory;
2. continue collection and publication of glacier fluctuation data (5-year interval);
3. publish mass balance measurements of selected glaciers (2-years interval);
4. include satellite observations of remote glaciers to reach global coverage;
5. assess ongoing changes.
The status report of the world glacier inventory (IAHS, 1989) summarizes the available data
in text, tabulated and graphical form. The latter includes location (area dependent circles) and
aspect maps (area dependent sectors) as well as visualization of mean elevation and size dis-
tribution for selected regions.
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Mountain glaciers and climate networks
Recently a Global Hierarchical Observing STrategy (GHOST) at five tier levels was developed
within the framework of the Global Terrestrial Observing System (GTOS). The characteristic
regional to global distribution of glaciers in space and measurements of glacier mass and area
in time, should be assessed by more numerous observations in accordance to this tier strategy.
This includes compilation of regional glacier inventories at time intervals of a few decades
(the typical dynamic response time of mountain glaciers, see 2.3.1). The Global Terrestrial
Network for Glaciers (GTN-G) represents the global network of glacier sites. Its structure will
allow global to regional analyses of glacier change with differing measurement intensities at
various sites. Using the tier strategy as defined above, the following sites and measurements
are anticipated (Haeberli et al., 2002a):
Tier 1:
These major, intensive experimental sites should be arranged along large transects in order to
facilitate process understanding across environmental gradients. Locations should show large
spatial diversity, and covering the entire range of glacier types should be a critical priority. A
transect with glaciers from Svalbard via Scandinavia and the Alps to the Pyrenees may form a
tier 1 observation site in the future. The transition from initial intensive field studies to unin-
terrupted and long-term monitoring needs careful preparation.
Tier 2:
These sites should cover extensive and process-oriented glacier mass balance studies within
major climatic zones. Ideally, they are located near the centre of the range of climatic condi-
tions of the zone they are representing. Although the actual location will depend on accessi-
bility, a broad range of climatic zones should be covered from tier 2 sites.
Tier 3:
At tier 3 sites, glacier samples should represent the environmental conditions within climatic
zones or regions. Today’s sample (about 50 glaciers with annual mass balance studies) reflects
regional patterns of glacier change quite well, but they are somewhat concentrated at certain
sites (Alps, Scandinavia). Within GCOS/GTOS a more balanced network of observing sites/
glacier types must be encouraged.
Tier 4:
At the tier 4 level, the spatial representativeness of the data sets has highest priority. The
roughly 800 glaciers with length change measurements belong in this level. Due to the wide
range of glacier types, typical selection criteria for all countries are difficult. Long-term obser-
vations at about 10 sites within each mountain range should be selected according to glacier
size and dynamic response time from the existing network.
Tier 5:
The tier 5 level is compatible with glacier inventories repeated at time intervals of a few dec-
ades by satellite remote sensing. International collaboration is mandatory to produce the
required data sets and a long-term strategy for data acquisition, archiving and quality control
has to be established. However, glacier monitoring on a regular basis from space-borne sen-
sors (ASTER and ETM+, see below) has been initiated within the USGS-led GLIMS project
and the National Snow and Ice Data Centre (NSIDC) will handle the database issues accord-
ing to tier 5 goals.
The NSIDC in Boulder, Colorado, maintains the cryospheric data (e.g., snow, glacier, sea ice,
permafrost) gathered from all over the world, including the World Glacier Inventory (WGI)
and the future GLIMS data base.
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Applications of the compiled data sets
The WGMS collects world-wide measurements of glacier length changes and mass balance
data and maintains data from national glacier inventories. Table 2.1 summarizes some issues
connected with these data sets. While cumulative length changes can be used to calculate cor-
responding changes in secular glacier mass balance (see 2.3.1), annual mass balance data was
used in combination with scaling schemes for global glacier distribution (Bahr 1997a; Meier
and Bahr, 1996) to calculate the contribution of glaciers and ice caps to global sea level rise
(e.g., Zuo and Oerlemans, 1997). However, recent measurements for glaciers in Alaska by
Arendt et al. (2002) have revealed an underestimation of the sea level rise contribution com-
pared to the global scaling. Glacier inventory data from the European Alps have been applied
to parameterization schemes for glacier modelling (Haeberli and Hoelzle, 1995) and calcula-
tion of future glacier behaviour (Maisch et al., 2000).
Measuring length changes
In a global context, the main technique used for the measurement of glacier length changes is
tape readings. For selected glaciers, geodetic or photogrammetric measurements are also
used. All methods can be hampered by bad weather conditions at the end of the ablation
period, resulting in a variable number of measured glaciers. The measurements were con-
ducted mostly by volunteers (e.g., mountaineers, forest services) for many years. In order to
compare their data with satellite observations, the location of the reference points used (e.g.,
rocks in the glacier forefield) should be measured by GPS and transferred to a GIS data base.
Whereas the number of glaciers that can be observed is restricted by accessibility, satellite
data can be used to monitor even very remote glaciers and changes in the accumulation area.
Length changes Mass balance Glacier inventory
Sources direct measurements (1895)
indirect measurements:
- photos (since 1850),
- paintings (17th century),
- model calculations (ELA
reconstruction)
- glaciological method (ablation
stakes, snow pits) since 1950s
- geodetic / photogrammetric
- combined hydrological / mete-
orological method
- index method (AAR, ELA)
- cumulative length changes
topographic maps, aerial pho-
tography and satellite imagery,
glacier parameters from plani-
metry or GIS-based DEM-
fusion
Applica-
tion
- filtered and delayed reaction
to climate forcing
- glacier-related hazards
- mass balance reconstruction
- global representativeness
- unfiltered and direct reaction to
annual conditions
- worldwide comparison possi-
ble (conversion to mm weq)
- climate reconstruction and sea
level change
- water resources assessment
- tabulated data and outlines on
maps
- parameter modelling
World
data sets
about 800, mostly > 1 km2,
easy to access, usually valley
glaciers
about 50, distributed worldwide,
mostly on northern hemisphere,
complex scaling schemes for glo-
bal assessments
- about 160000 glaciers (esti-
mated from scaling)
- large gaps in remote areas
- forthcoming satellite snap-
shot within GLIMS
Data pub-
lication
‘Fluctuations of glaciers’
(5-year interval)
‘Mass balance bulletin’ (2-year
interval, online: annually)
status report WGI
decadal update proposed
Table 2.1: Some of the topics addressed by the WGMS data collection (compiled from Dyurgerov,
2002; Haeberli, 1998; Haeberli et al., 1989 and 2000; IAHS, 1989; Williams and Hall, 1993).
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Measuring mass balance
There are ample descriptions available of measurements and calculation of glacier mass bal-
ance and it is beyond the scope of this thesis to explain them in detail here. Most recent
reviews (with references) are given by Braithwaite (2002), Dyurgerov (2002) and Hoelzle et al.
(2003). An analysis of current mass balance data is given by Cogley and Adams (1998) and
Dyurgerov and Meier (1997a and b). The most accurate (and expensive) technique used for
measurement of glacier mass balance is the direct glaciological method, based on a network of
snow pits and ablation stakes (cf. MBB, 2001) from which winter and summer balance is cal-
culated by integration over the entire glacier area. Careful calibration by repeated geodetic
(Krimmel, 1999) or photogrammetric (e.g., Finsterwalder and Rentsch, 1980; Kääb and Funk,
1999) measurements was used to compensate for crevassed areas and internal movement
(submergent/emergent) of snow/ice (Haeberli et al., 1999). Comparisons with volume
changes derived from accurate topographic maps were also used to confirm direct measure-
ments (e.g., Andreassen, 1999; Haakensen, 1986; Østrem and Haakensen, 1999).
Photogrammetric techniques have been applied to glacier change studies for many decades
(e.g., Brecher and Thompson, 1993; Finsterwalder, 1954; Pillewitzer, 1938). In particular pho-
togrammetrically-derived DEMs from repeated aerial stereo-photography were used for cal-
culation of glacier volume change (e.g., Fox and Nuttall, 1997); for example, the new Austrian
glacier inventory as well will apply this method by comparison with the DEM from 1969
(Würländer and Eder, 1998). A sufficient degree of accuracy for mass balance determination
was revealed even with only one year between both images (Willis et al., 1998). Apart from
AAR measurements, satellites are not able to provide mass balance data on a yearly basis.
However, glacier flow fields derived from sequential ASTER or SPOT imagery may provide
useful information for mass balance calculations (cf. Kääb and Funk, 1999). New techniques
such as laser-scanning (e.g., Baltsavias et al., 2001) or laser-profiling (Echelmeyer et al., 1996;
Arendt et al., 2002) have been applied successfully to volume change calculation of glaciers.
2.2.2. Use of optical remote sensing
Remote sensing (the measurement of physical properties of objects without direct contact) can
be carried out with ground-based, air-borne or space-borne sensors. The latter have the capa-
bility to image large areas of the earth’s surface at nearly the same time with high resolution
and under steady conditions for many years (e.g., with a nominal pixel size). The constant
sensor calibration enables global application of algorithms developed. A review of the use of
remote sensing techniques for glaciological investigations (including microwaves) is given by
Williams and Hall (1993 and 1998) and König et al. (2001). A description of glacier mapping
with respect to digital image processing is given in Chapter 5 of this thesis. The focus of the
SGI 2000 is the usage of optical satellite sensors for the study of mountain glaciers. For this
reason, microwave sensors (often applied to ice-sheet and snow studies) are not considered.
With the launch of the first Landsat satellite in 1972, glaciologists had for the first time the
opportunity to study glaciers and their changes from a global perspective. Since 1972 the
Multi-Spectral Scanner (MSS) radiometer and since 1984 the Thematic Mapper (TM) radiome-
ter have been acquiring calibrated data with high spatial resolution (56 by 79 m and 30 by 30
m, respectively) achieving almost global coverage today. Already in the first studies with MSS
data some authors mentioned the global application of their method for mass balance evalua-
tion from satellites by means of AAR or ELA mapping (Krimmel and Meier, 1975; Østrem,
1975), but did not enforce operational application.
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With the advent of the better-calibrated TM data, many researchers have been focusing on cal-
culation of reflections and albedos of snow and ice (Hall et al., 1988; Jacobsen et al., 1993),
often in relation to ground-truth measurements (Bronge and Bronge, 1999; Hall et al., 1989b
and 1990; Koelemeijer et al., 1993; Winther, 1993). In addition, detailed studies on snow and
ice properties (Bourdelles and Fily, 1993; Dozier and Marks, 1987) as well as on the discrimi-
nation of various glacier surface features were conducted (Hall et al., 1987; Orheim and Luc-
chitta, 1987; Williams, 1987; Williams et al., 1991). Apart from the investigations on glacier
terminus fluctuations (e.g., Hall et al., 1992 and 1995a; Jacobs et al., 1997; Williams et al., 1997),
some were also devoted to measurements of changes in areal glacier extent from Landsat data
by time-series analysis (Bayr et al., 1994; Paul, 1995, 2002a and b; Serandrei-Barbero et al.,
1999). The possibility of obtaining glacier inventory data from space (with Landsat MSS) was
already mentioned by Rundquist et al. (1980) and Howarth and Ommanney (1986). The USGS
Professional Paper series ‘Satellite image atlas of glaciers of the world’ gave an overview of
Landsat 1-3 scenes (mainly from MSS) useful for glaciological studies (Williams and Ferrigno,
2002). In the European part (Williams and Ferrigno, 1988), the region of the Swiss Alps was
discussed by Rott et al. (1988). Bindschadler et al. (2001) reviewed initial glaciological applica-
tions of the new sensor ETM+ (Enhanced Thematic Mapper plus) from Landsat 7.
Nearly all of these studies were applied to small test regions only, although almost every
author emphasized the possibility of global application. Apart from restrictions due to data
availability, the reason for this discrepancy was the commercial distribution of Landsat data
from EOSAT between Jan 1995 and June 2001, resulting in enormous costs for a larger number
of TM full scenes (about $4000 each). Today Landsat 7 data is available for $600 and data from
the ASTER radiometer on board the platform Terra are available at about $60 each (EDC,
2002). Besides other points the new pricing policy leads to the USGS-coordinated project
GLIMS (Global Land Ice Measurements from Space), which aims at a global snapshot of all
land ice masses (Kieffer et al., 2000) from ASTER and ETM+ data. An operational monitoring
system for European glaciers will also be developed in a cooperative project between Scandi-
navia and Austria (OMEGA, 2002; Pellikka et al., 2001).
The main advantages of space-borne (Landsat TM) derived glacier data compared to airborne
glacier inventories are:
• the large area covered at the same time (with a spatial resolution suitable for the target);
• automatic glacier classification by means of multi-spectral image classification;
• the global data set in the archives enables time series analysis and trend calculation;
• costs are considerably lower (data and manpower).
The main advantages of airborne compiled glacier inventory data are:
• much higher spatial resolution possible (about 30 cm compared to 30 m);
• DEM generation from stereo imagery enables calculation of volume changes;
• date of image acquisition (weather, snow conditions) can be chosen.
In both cases the main requirements for successful data analysis are:
• cloud-free conditions (at least over glaciers) near the end of the ablation period;
• minimum possible snow cover adjacent to glaciers;
• accurate geocoding/orthorectification of all data (for overlays/DEM generation);
• availability of appropriate image processing and GIS software.
In summary, the main advantages of TM data are the automatic multi-spectral glacier classifi-
cation and the large area covered at the same time, while airborne data have much greater
precision. Both methods suffer from shadowed and debris-covered glacier parts and can take
advantage of GIS-based data processing and DEM fusion for glacier parameter calculation.
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2.2.3. Use of a geographic information system (GIS)
After Walsh et al. (1998), a geographic information system (GIS) can be described as being
capable of data capture, storage, management, retrieval, analysis and display. It integrates
spatially-arranged thematic data by means of geocoded data layers and associated informa-
tion stored in attribute tables (cf. 6.1). Since it is quite difficult to track changes in glacier
geometry on printed maps, a GIS could be the primary tool for the dynamic aspects of glacier
monitoring (Gao and Liu, 2001). However, only few attempts have been made to utilize a GIS
for that purpose (e.g., Klein and Isacks, 1996; Mennis and Fountain, 2001; Wipf, 1999). A GIS
allows digitizing of glacier outlines or elevation contour lines from maps with a digitizer tab-
let or by on-screen cursor tracking using scanned maps as background. Elevation contour-
lines enable DEM generation from which glacier parameters can be obtained.
Although proper integration of remote sensing and GIS software has not been achieved dur-
ing the last decade (Davis et al., 1991; Ehlers et al., 1989; Lunetta et al., 1991), it is possible to
use classified remote sensing imagery as a data layer in a GIS by means of raster-vector con-
version. The programming capabilities of most GIS software packages (e.g., Arc/Info from
ESRI, 2001) allow automatic processing and enable the use of further software (e.g., image
processing, Fortran, graphical output) by running batch mode scripts. For calculation of 3D
glacier parameters from a DEM, glacier outlines are converted back from vector to raster for-
mat, because processing of DEM data within Arc/Info is raster-based.
Previous studies that used a GIS for glaciological applications can be divided into: (1) stand
alone applications with a GIS, (2) using a GIS together with a DEM and (3) using a GIS
together with remote sensing data. The integrated use of a GIS, remote sensing data and a
DEM for glacier mapping, inventorying and monitoring has not been investigated thus far.
This is the key issue of the SGI 2000 with respect to Swiss glaciers (Kääb et al., 2002; Paul et al.,
2002) and of the GLIMS project with respect to global application (Kieffer et al., 2000).
(1) A GIS was used for the digitizing of glacier outlines from topographic maps of different
years and automatic calculation of glacier areas, lengths, ELAs and their changes (Benz, 1995;
Wipf, 1999). In addition to these parameters, Mennis and Fountain (2001) calculated glacier
volumes and their changes by DEM generation from digitized contour lines of different years.
Li et al. (1998) used a GIS to display changes of the Moromaha Icefield (Tibet) between 1976,
1987 and 1994 by overlay of glacier outlines. Changes in glacier terminus position were
obtained for two outlet glaciers as an average from three manually specified profiles across
each tongue.
(2) Gao and Liu (2001) also suggests a combined use of a GIS with a DEM to derive topo-
graphic glacier indices automatically, but apart from Allen (1998) most studies used only the
DEM and not the GIS (e.g., Copland, 1998; Turpin et al., 1998). A DEM was also used to facili-
tate glacier classification from remote sensing data (Gratton et al., 1990; Binaghi et al., 1997),
but not to derive 3D glacier parameters in a systematic way. Other applications of a DEM in
glacier research are summarized in 3.1.4.
(3) Klein and Isacks (1996) used a GIS and remote sensing data (Landsat TM, SPOT pan) to
study glacier change of the past centuries in the central Andes. The automatic retrieval of gla-
cier areas by application of a GIS to Landsat TM data was demonstrated by Paul (2002b).
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2.3. Environmental relevance of glaciers
The importance of frequent glacier observation (monitoring) results from their impact in
many different parts of the global environment. First of all, their changes are key indicators
for ongoing global climate change (2.3.1). Moreover, they may cause or trigger natural haz-
ards (2.3.2), influence hydrologic regimes (2.3.3) and their worldwide melting accounts for
part of global sea level rise (2.3.4). In addition, they are unique sources of fresh water and an
important economic factor for tourism (enriching the landscape, serving as a location for ski
resorts) and hydro-power production (UNEP, 1992).
2.3.1. Glacier fluctuations and climate change
The worldwide retreat of mountain glaciers is one of the clearest signals of ongoing climate
change (Haeberli, 1995; Hoelzle et al., 2000; IPCC, 2001; Oerlemans, 1986, 1994 and 2000). As
reported by Haeberli et al. (2000), glaciers are now part of the Global Climate Observing Sys-
tem (GCOS) and their monitoring from ground, air and space is integrated into the global
hierarchical observing strategy (GHOST) described in 2.2.1.
It is important to distinguish between the mass balance of a glacier as the direct and unde-
layed reaction to yearly weather conditions and the change in glacier length as an indirect and
delayed but also enhanced reaction to a longer climate forcing. There are many investigations
on the correlation of mass balance and weather elements for mountain glaciers (e.g., Günther
and Widlewski, 1986; Kuhn, 1980b; Schönher et al., 2000; Wakonigg, 1971). They show that
summer weather conditions (temperature, precipitation) have the greatest influence on
Alpine glaciers mass balance and that the amount of winter snow is of less importance. For
maritime-type glaciers it is different and the advance period of Norwegian glaciers indicate a
greater amount of winter precipitation in previous years (Reichert et al., 2001).
Although the change in glacier length is a complex reaction to a change in local climate, some
assumptions are possible for steady state conditions (cf. Fig. 2.6): A given change in mass bal-
ance δb (Fig. 2.6a, top) will be followed by a change in glacier length δL after a glacier-specific
reaction time (tr). A new steady state is reached after the response time ta (Fig. 2.6a, bottom),
which is calculated from the maximum thickness hm and the yearly ablation at the glacier
tongue (az): ta= hm / az (Johannesson et al., 1989a and b). According to Nye (1960) the change
in glacier length is a function of δb and the original glacier length L0, divided by az (Fig. 2.6b,
top): δL = (L0 x δb) / az (Haeberli and Hoelzle, 1995; Hoelzle et al., 2000).
The method was applied to measured cumulative changes in glacier length from 1850 to 1970
(near steady states), achieving a good correspondence of calculated and measured changes in
mass balance (Hoelzle et al., 2003). The energy required for melting the corresponding ice
mass can be computed from known correlations of climate and mass balance (e.g., Kuhn,
1980a and 1989; Oerlemans, 1989), yielding about 2-3 W/m2 (Haeberli, 1995) and is in corre-
spondence with independently calculated climate forcing (e.g., Oerlemans, 1994). Historic
glacier fluctuations were reconstructed from climate models (Oerlemans, 1988), glacier fluctu-
ations were used for verification of climate models (Beniston et al., 1997), and climate changes
were derived from observed glacier changes (Smith and Budd, 1981). Furthermore, mass bal-
ance series were reconstructed from tree rings (Nicolussi and Patzelt, 1996) or nearby meas-
ured climate records for the Hintereisferner, Austria (Greuell, 1992).
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Figure 2.6: Reaction of a glacier tongue after a step-wise displacement of the equilibrium line (δ ELA)
and the resulting change in mass balance δb (after Haeberli, 1991and Hoelzle et al., 2000). See text for
discussion.
However, the change in glacier length can be seen as a delayed and enhanced signal to a
change in local climate, and the size of a glacier determines smoothing and amplitude of the
signal (see Fig. 2.7). While the largest glacier (‘Grosser Aletsch’) shows no advance during the
last 150 years, medium-sized glaciers exhibit decadal variations (‘Trient’) and small glaciers
display year-to-year fluctuations (‘Pizol’). The latter are somewhat decoupled from climatic
control and their behaviour seems much more influenced by topography (see 7.3). A world-
wide comparison of glacier length changes also has to consider the glacier type (see Fig. 2.1),
which determines a glaciers mass balance gradient and thus, its climatic sensitivity. The last
decade has been the hottest since temperature measurements begun (IPCC, 2001), hence
Alpine glaciers will retreat further. They are not in balance with the present day’s climate
(e.g., Haeberli et al., 1999; MBB, 2001).
Figure 2.7: Cumulative glacier length changes since the start of yearly measurements for selected
Swiss glaciers of different sizes. The larger the glacier the greater the amplitude and the stronger the
smoothing of climate disturbances (data with kind permission from WGMS).
a) b)
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2.3.2. Glaciers and natural hazards
According to Richardson and Reynolds (2000), glacial hazards attract attention due to the risk
of loss of life and their serious threat to infrastructure. Such hazards have been reported from
all over the world, for example from China (Ding and Liu, 1992), Canada (Clague and Evans,
2000), Switzerland (Haeberli, 1983), Peru (Lliboutry et al., 1977) and Nepal (Mool, 1995; Vui-
chard and Zimmermann, 1987; Watanabe and Rothacher, 1996). The most prominent glacial
hazards are (1) glacier floods, (2) ice avalanches and (3) glacier fluctuations / surges.
Glacier floods (1) can be the result of outbursts from (a) internal water pockets, (b) ice-
dammed or (c) moraine-dammed lakes. While (a) refers to a sudden flood with rapid dis-
charge of water under pressure, the development of pro-glacial lakes (b) and (c) requires some
time and is thus visible prior to a possible glacier flood, for example, on satellite imagery
(Huggel et al., 2002; Wessels et al., 2002). However, sudden ice and rock fall or calving events
can result in displacement waves, which may overtop the freeboard of the dam (composed of
ice and/or moraine) and trigger glacier lake outburst floods (GLOF). Such floods are often
associated with debris flows, as large amounts of unconsolidated debris is available from the
dam, the glacier forefield and along the river bed. Hence, a full understanding of a potentially
dangerous situation requires an integrative assessment (Clague and Evans, 2000; Kääb et al.,
2000b; Richardson and Reynolds, 2000). Detailed investigations of the technical aspects of
dam failure were given by Clague and Evans (1994), Costa and Schuster (1988), and Walder
and Costa (1996).
Apart from any direct effects of ice avalanches (2) on human lives or infrastructure, they are
more dangerous for their indirect effects, i.e. triggering snow avalanches (Margreth and Funk,
1999) or GLOFs, which have much longer runout distances. Also glacier advance or retreat (3)
and glacier surges are more dangerous for the indirect effects, i.e. damming of river discharge
from a tributary valley or build-up of a morainic dam in the glacier forefield, both triggering
formation of glacial lakes (Clague and Evans, 2000; Richardson and Reynolds, 2000).
As a result of the recognized damage potential of glacial hazards, a number of assessment and
mitigation studies were carried out, for example by Haeberli et al. (1989 and 2001), Kääb and
Haeberli (2001), Reynolds (1998), Reynolds et al. (1998), Röthlisberger (1981) and Vallon
(1989). For the required integrated analysis of potentially dangerous lakes, satellite imagery
have proven to be very valuable. They were used for Buthan and Nepal for compilation of an
inventory of glaciers, glacial lakes and GLOFs (Mool et al., 2001a and b). In this region,
enhanced glacier retreat with rapidly growing lakes during the last decades has amplified the
problem (UNEP, 2002). Techniques for early recognition of such hazards by aerial photogra-
phy (Kääb, 2000) and multi-spectral satellite imagery (Kääb et al., 2000a and b) have been
developed, also utilizing automatic detection of glacier lakes (Huggel, 1998; Huggel et al.,
2002). Future calculations may include GIS-based hydrologic modelling of debris flow paths
to reveal endangered regions (e.g., Gamma, 2000).
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2.3.3. Glaciers influence on hydrology
All glaciers together (without the ice sheets of Antarctica and Greenland) account only for
0.7% of the worlds liquid supply of fresh water (Williams and Hall, 1993). However, this small
part is very important due to its multi-purpose usage. Glaciers supply most water during the
hot summer months, thereby filling the lakes of hydro-electric power plants (especially in the
Alps) or feeding rivers used for agriculture and as a source of drinking water (e.g., Himala-
yas, India, Andes).
In regions with glacier coverage, snowmelt in springtime was prolonged (reducing flood risk)
and discharge after precipitation peaks from summer thunderstorms was moderated. How-
ever, rising temperature will increase glacier melt and higher flood peaks will result in combi-
nation with heavy summer precipitation in the future, until glacier area has diminished under
a specific level and peak discharge is dominated by precipitation (Braun et al., 1999).
2.3.4. Glacier melt and sea level rise
There is growing concern about a rising sea level due to the predicted increase in global air
temperature. Thermal expansion of ocean water will contribute about a half of this rise and
melting glacier ice will contribute to the rest (IPCC, 2001). The role that the ice sheets Antarc-
tica and Greenland will play is still under debate, as determination of their mass balance is
extremely difficult (Zuo and Oerlemans, 1997). The assessment for small glaciers (other than
ice sheets) is also difficult, as the global distribution of glacier areas with elevation is insuffi-
ciently known (Bahr, 1997a; Meier and Bahr, 1996), and the extrapolation from mass balance
measurements of small glaciers to large glaciers is not straight forward. However, the initial
estimation from Meier (1984) yielded a contribution of about 25 cm in total until the 1970s.
Based on the availability of global circulation models (GCMs) and relations for mass balance
and climate (e.g., Kuhn, 1989), future glacier contributions were calculated (e.g., Kuhn, 1993).
Global mass balance measurements for small glaciers have been compiled by Dyurgerov and
Meier (1997b) and detailed regional assessments based on these mass balance data was dis-
cussed by Gregory and Oerlemans (1998). According to their study, the influence of glacier
melt on rising sea level is slighter than predicted earlier (about 6 cm since 1865, with Green-
land), but they use regionally-differentiated temperature estimates instead of global means.
However, the contribution from the Alaskan glaciers has probably been underestimated, as
Arendt et al. (2002) have shown recently. These authors have used laser profiling to measure
thickness changes during the last decade along selected profiles of about 30 glaciers (from
small to large). Extrapolation to all Alaskan glaciers (covering 90000 km2) and comparison
with data collected 30 years earlier, reveal that the rate of thickness decrease is more than
three times faster than before. Alaskan glaciers alone should have contributed 13 cm to the
total rise, which is half of the total contribution from all glaciers, assuming the first guess by
Meier (1984) is correct.
In a global context, Alpine glaciers (covering about 3000 km2) will not contribute significantly
to sea level rise, but they could provide important information for the development of scaling
methods that can be used in other regions. This includes the large number and quality of mass
balance measurements, the long length change and climate record, as well as the detailed
inventories available (cf. Haeberli and Hoelzle, 1995).
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3. DIGITAL ELEVATION
MODEL (DEM)
3.1. Overview
3.1.1. Definitions
A digital elevation model (DEM) is a discrete and quantitative description of terrain elevation
on earth from a set of x, y, z points. This DEM defines an idealized surface without vegetation
and man-made structures (e.g., buildings, bridges). The ‘real’ earth surface (lower boundary
of the atmosphere) can be described by a digital surface model (DSM), which may also
include objects with temporal changes (e.g., vegetation). A digital terrain model (DTM) can be
described as an interpolated DEM, either resulting in a triangular irregular network (TIN) or
a gridded (equidistant spacing) representation of the elevation values (Prechtel, 2001). While
the TIN form of a DTM can reproduce high-frequency topographic variations from a higher
number of mesh points, a gridded DTM is better suited for raster-based applications (e.g.,
surface derivatives, digital image processing), but requires a constant cell size for the entire
DTM perimeter (Mark, 1975). The DEM25 used in the SGI 2000 is actually a DTM and the
term DEM is used for a DTM in the remote sensing community as well, while in photogram-
metry and GIS science both terms are distinguished more precisely. In order to avoid confu-
sion, DEM is used in this thesis for both terms. Wilson and Gallant (2000), Burrough and
McDonnell (1998) and Wise (1998) gave a more detailed discussion of DEMs and Heitziger
and Kager (1999) and Hutchinson (1989) of DEM interpolation techniques.
3.1.2. DEM Sources
Terrain elevations can be obtained by photogrammetric analysis of stereo images, which
show the same area from different perspectives. In the case of stereo images obtained from
aircraft, the change in viewing direction is due to motion, whereas satellites utilize additional
(ASTER) or steerable (SPOT) sensors or overlapping regions from adjacent paths (Landsat).
Interferometric techniques are applied to radar imagery acquired from ascending/descend-
ing paths of the same satellite (e.g., ERS-1) or two sensors spaced at a certain distance (e.g.,
ERS-1/2 tandem mission, and Shuttle Radar Topography Mission, SRTM). Each sensor needs
its own algorithm to correct for internal distortions and get stereo pairs for DEM generation.
Moreover, each DEM has its own special advantages or disadvantages regarding price, spatial
resolution, area coverage or accuracy, and thus its special field of application. Further aspects
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on DEM generation and applications were given by Kääb (1996) for DEMs from aerial pho-
tography, Al-Rousan et al. (1997) for SPOT, Ehlers and Welch (1987) for Landsat 5, Toutin
(2002b) for Landsat 7, Kääb (2002) and Toutin (2002a) for ASTER and Small et al. (1998) for
ERS-1. Another technique for high-resolution DSM generation is laser scanning (Belitz et al.,
1996). It is used for mass balance determination by volume change calculation (Baltsavias et
al., 2001; Favey et al., 1999). Compared to airborne InSAR (Interfereometric Synthetic Aper-
ture Radar) laser scanning reveals highest accuracy (Meier and Nüesch, 2001).
3.1.3. The DEM25 from Swisstopo
Technical notes
The level 1 DEM25 was interpolated from digitized contour lines (using 1:25000 topographic
maps from the mid 1980s) and manually added geodetic points. Although digitizing errors
were corrected by manual editing, the interpolation algorithm used reveals smoothed eleva-
tions (Rickenbacher, 1998). According to Swisstopo (2001), the new level 2 version (DEM25L2)
has four major improvements: (1) integration of terrain crests and folds, (2) updated contour-
lines on glaciers, (3) topological improvements of vector elements, and (4) a new interpolation
algorithm. These corrections result in elevation differences of up to 300m between both DEMs
at isolated points. The vertical accuracy in the DEM25L2 is reported to be better than 10 m in
the central Alps and better than 5m in the Prealps. Elevation data was compiled between 1992
and 1998, depending on the region (Swisstopo, 2001).
Apart from DEM artefacts at individual points, systematic errors as well can be found for
DEMs interpolated from digitized contour lines (e.g., Brown and Bara, 1994; Guth, 1999). Both
DEMs from Swisstopo are hampered from such contour line artefacts, but they are much less
pronounced in the new DEM25L2. A quantitative assessment of the level 1 DEM25 accuracy
with respect to a reference DEM is given in 3.3. The DEM25L2 accuracy is not evaluated
explicitly, since time of data acquisition differs too much and artefacts are strongly reduced.
Compared to international standards the DEM25L2 (and also the level 1 version) has a very
high vertical accuracy and spatial resolution. Such high-quality DEMs are very expensive and
only available for small parts of the world from national agencies, due to the large number of
commercial applications and the generalizing effort. DEMs derived from 10 m SPOT data
reveal a higher precision than those from 15m ASTER data (Toutin and Cheng, 2002), but they
are much more expensive. The global 1 arc second DEM from the SRTM is still under con-
struction (Rabus et al., 2003). Although the high accuracy of the DEM25L2 is not required for
orthorectification of satellite imagery or 3D visualizations, it is used for the SGI 2000 to obtain
the highest possible precision for the DEM-derived glacier parameters.
Comparison of the level 1 DEM25 with the DEM25L2
The calculation of glacier volume changes from elevation differences between the level 1
DEM25 and the new DEM25L2 is not possible, for at least three reasons: (1) the date of acqui-
sition varies with respect to the (rectangular) perimeter of the corresponding 1:25000 map
sheet, (2) contour lines are updated for larger glacier tongues only, not considering snow-cov-
ered parts, and (3) elevation differences caused by the new interpolation method cannot be
separated from ‘real’ glacier surface elevation changes. For the purpose of illustration, the dif-
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ferences in elevation between both DEMs are shown colour-coded for a part of the Aletsch
region in Fig. 3.1.
Data handling
At first the level 1 DEM25 in the 25 m spatial resolution grid version (‘Matrixmodell’) is used
for the entire perimeter of Switzerland. In June 2001 the DEM25L2 became available and is
obtained for a smaller perimeter (covering only the glacierized regions) and used for all calcu-
lations afterwards. For orthorectification of satellite imagery the DEM25L2 is nested into the
larger perimeter of the level 1 DEM25 and also into a larger perimeter including parts of Ger-
many, France, Italy and Austria. For theses regions outside of Switzerland a DEM with a
coarser resolution (about 100 m) provided by the Remote Sensing Laboratories (RSL) is used.
Some care is necessary with respect to the location of the elevation values within a grid cell
and the interpretation of location coordinates with different software products. Since the ele-
vations for the DEM25L2 are defined for the mesh points of the grid (and not as the average of
a grid cell), coordinates are shifted by 12.5 m towards the centre of each pixel, in order to use
the elevation value as a cell average within PCI (1998). Data export with PCIs NUMWRIT in a
geocoded form uses the centre of each pixel as the coordinate, and Arc/Info will interpret
these coordinates as upper left corner. Thus, some caution is required. Because Arc/Infos
asciigrid command needs a special header for conversion of ASCII-files to grid format, only
elevations are written by NUMWRIT and the header is appended manually.
Figure 3.1: Colour-coded elevation differences between the level 1 DEM25 and the DEM25L2 for a
part of the Aletsch test region (cf. Fig. 7.1). Colours range from -110 m (dark red) to 0 m (blue) to +30
m (purple). The reduction of interpolation artefacts (coloured dots) and update of elevations on selected
glacier tongues is evident (blue means no change). DEM25 © swisstopo.
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Accuracy of the level 1 DEM25
The vertical accuracy of the level 1 DEM25 is compared to a reference DEM which is inferred
from stereo photogrammetry (Kääb, 2001). An illuminated version of the level 1 DEM25 is
shown in Fig. 3.2a for a small sub-area (5.7 by 5.0 km) within the test region Weissmies (see
Fig. 4.5 ‘A’), together with outlines from seven glaciers, analyzed below. Artefacts from the
interpolation process of the original DTM are already visible in Fig. 3.2a (e.g., black and white
streak across glacier 4). They are notably pronounced in gradient products like slope, as illus-
trated in Fig. 3.2b, which shows the difference in slope to the reference DEM. Fortunately,
these artefacts are mostly located outside of glaciers and the influence on derived glacier
parameters (apart from minimum and maximum slope) is rather small. Contour line ghosts
have also been reported from Brown and Bara (1994) and Guth (1999) as a general problem of
DEMs generated from digitized contour lines. Improvements to DEMs as necessary for geo-
morphological applications are discussed by Gruber and Kriz (1998).
The minimum (maximum) elevation differences are -96 (+74) m for the entire area as dis-
played in Fig. 4.5, with a standard deviation of 8.6 m. The corresponding values for the slope
differences are -53° (+60°) and 6.6°. Such deviations are not acceptable for the SGI 2000, but
they are mostly located at single spots or crests, usually not related to glacier coverage. In
order to estimate the influence of the artefacts on the derived glacier parameters, some of
them are calculated for the seven glaciers indicated in Figure 3.2a. The values for the individ-
ual glaciers are depicted in Fig. 3.3a (elevation) and 3.3b (slope). In both figures also the differ-
ences to a 50 m spatial resolution grid are shown (TYDAC, 1999). The average differences of
minimum (maximum) elevation are -2.7 (-1.3) m, with a standard deviation of 7.6 (7.4) m. The
corresponding values for slope are 1.2° (-2.5°) and 2.4° (3.3°). While these deviations are
acceptable for glacier parameters, deviations for the 50 m DEM exceed 100 m for elevation and
20° for slope. Hence, the latter DEM will give excessively inaccurate glacier parameters for the
comparable tiny Alpine glaciers.
Figure 3.2: a) Shaded level 1 DEM25 (subsection of the Weissmies test area) with outlines of seven
glaciers (numbered). b) Differences in slope between the level 1 DEM25 and a reference DEM derived
from stereo photogrammetry. Values range from -53° (black) to +65° (white). DEM25 © swisstopo.
b)a)
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Although average values derived from the level 1 DEM25 are acceptable for this small region,
it is possible that larger errors occur at other places, where interpolation artefacts are within a
glacier. The DEM25L2 has much less interpolation artefacts and is, thus used to obtain the gla-
cier parameters. A direct comparison between parameters derived from the level 1 DEM25
and the DEM25L2 is not possible, as glacier elevations are altered too much. Moreover, the
latter is compiled about 10 years later (during the mid 1990s) than the level1 DEM25.
Figure 3.3: Comparison of a) differences in elevation and b) in slope for each glacier numbered (cf.
Fig. 3.2a) derived from the DEM25 (L+T) with a reference DEM (left part of each block) and a 50 m
spatial resolution DEM with the reference DEM (middle part) and the DEM25 (right part).
3.2. DEM applications
3.2.1. Previous studies
A gridded DEM allows calculation of various terrain properties, such as slope and aspect,
plan and profile curvature, elevation-relief ratio or hydrological and radiation-related param-
eters (upstream area, flow length, direct potential solar radiation). An introduction to these
geomorphometric modelling issues was given by Burrough and McDonnell (1998), Pike
(1988) and Schmidt and Dikau (1999). For hydrologic applications (flow paths) of gridded
DEMs refer to Jenson (1991), Quinn et al. (1991) and Tarboton et al. (1991). Radiation-based
DEM modelling was described by Dozier and Frew (1990) and Dubayah and Rich (1995) and
geomorphologic applications by Etzelmüller et al. (2001), Florinsky (1998) and Moore et al.
(1991).
Interesting glaciological applications of a DEM were already mentioned by Peipe et al. (1978).
They propose benefits for mass balance calculations and visualization. Reinhardt and Rentsch
(1986) used DEMs for determination of volume and elevation changes of the ‘Vernagtferner’,
Austria. Rentsch et al. (1990) mentioned a number of DEM-derived products (such as colour-
coded maps of height, slope and aspect; shaded relief models and perspective views), in order
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to give additional help in interpretation of glaciological phenomena. Etzelmüller and Sollid
(1997) used DEMs of two different years (derived from aerial photgrammetry) for a geomor-
phometric characterization of five glaciers in Svalbard and calculation of their changes. They
were able to correlate these DEM-derived changes with observed glacier evolution. Mennis
and Fountain (2001) separated glaciers into an accumulation and ablation area according to
their curvature and Kieffer et al. (2000) described the use of curvature information for deline-
ation of debris-covered glacier tongues. Terrain modelling for the entire catchment area of a
glacier is used by Copland (1998) to characterize snow cover distribution.
Allen (1998) has derived topographic glacier indices from a DEM (e.g., up-slope area, expo-
sure index, terrain compactness) and searched for correlations with multi-variate regression
and discriminant analysis. He also recommended the integration of satellite imagery and GIS-
based DEM analysis for glacier characterization. In an earlier approach from Gratton et al.
(1993) Landsat TM data was used in combination with a DEM to determine the net-radiation
field of a mountain glacier, Jacobsen et al. (1993) used SPOT HRV data to calculate glacier sur-
face albedo and Parrot et al. (1993) analyzed ice-snow fields on Arctic glaciers after atmos-
pheric correction and DEM-derived reflectance calculation.
3.2.2. DEM usage in the SGI 2000
Orthorectification
Geocoding of satellite imagery in flat terrain only requires a set of ground control points
(GCPs). In mountainous terrain a DEM is needed additionally for correction of panoramic
distortion (see 4.2). The software used for geocoding with GCPs and DEM-based terrain cor-
rection (SORTHO) also corrects for the inner geometry of the sensor, resulting in geocoded
and orthorectified images. Accurate orthorectification of satellite imagery in the SGI 2000 is
mandatory for at least three different tasks: (1) overlay and spatial computations with inde-
pendently geocoded vector layers (e.g., digitized glacier outlines), (2) combination with satel-
lite imagery from other sensors (e.g., for image fusion) or from other years (e.g., change
detection), and (3) fusion with the geocoded DEM itself (e.g., to obtain glacier parameters). As
DEM grid spacing has to be constant (25 m), the nested grid used for orthorectification
becomes very large. It is divided into an eastern and western part for this purpose. The tech-
nical aspects of orthorectification are discussed in more detail in 4.2.
Glacier parameters
The DEM25L2 is also used to obtain 3D glacier parameters. Some of them are shown in the
schematic overview of Fig. 3.4a together with the ‘Tschiervagletscher’ (Fig. 3.4b) for compari-
son. While glacier area is provided within the GIS automatically for each polygon (glacier),
other 3D glacier parameters are obtained from the co-registered DEM. The statistical GIS
function zonalstats which is used interprets each glacier as a zone and gives minimum, maxi-
mum, range, mean, median and standard deviation (σ) from the underlaid DEM. The hypsog-
raphy (distribution of area with height) as well as 2:1 elevation (ELA) and 1:1 elevation
(median) are derived by further computation (cf. 6.4). Glacier length is obtained from digi-
tized central flow lines and further 3D parameters (e.g., slope, aspect) are derived from DEM-
derived products, which are obtained by digital terrain modelling (see 3.2.3).
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3.Figure 3.4: a) Schematic overview of 3D glacier parameters (Cartoon: Max Maisch) and b) the
’Tschiervagletscher’ with ‘Piz Bernina’ in the background for comparison (Foto: Andreas Wipf).
Digital terrain modelling
Geomorphometric analysis is used to derive further parameters from the DEM for glacier
characterization. According to Burrough and McDonnell (1998) the gridded surface of a DEM
is supposed to be mathematically continuous, so that it is possible to infer first- and higher-
order derivatives. Slope and aspect are first order derivatives, while plan and profile curva-
ture (or convexity) are of second order. Slope is defined by a plane tangent to the surface at
any point of the DEM and its value is the maximum rate of change in altitude (from 0 to 100%
or 0 to 90°), while aspect is the compass direction of this change (from 0 to 360°).
Since computation of slope with the simple ‘maximum downward gradient’ method is
strongly susceptible to small deviations in elevation, other methods are used in commercial
software packages (Bolstad and Stowe, 1994; Jones, 1998; Skidmore, 1989). The applied Arc/
Info function curvature operates with ‘second-order finite differences’ for slope calculation as
described by Zevenbergen and Thorne (1987). Plan and profile curvature are defined as the
rate of change of slope and aspect, respectively, and are not used in the SGI 2000. See Evans
(1998) for a more thorough discussion of the meaning of terrain statistical parameters.
The two parameters slope (0-90°) and aspect (0-360°) are used for glacier characterization and
are calculated directly within Arc/Info in grid format (using curvature). The sky-view factor
(0-100%) is obtained from VDVT (PCI, 1998) and defines the portion of sky (hemisphere) that
is visible from each pixel of the DEM. It is also used for atmospheric correction (calculation of
diffuse radiation) and calculated according to the local horizon algorithm by Dozier and Frew
(1990). Four time independent 3D DEM parameters are displayed in Fig. 3.5 for the Weissmies
test area (cf. Fig. 4.5, ‘D’). In Fig. 3.5a grey shades from black to white denote slope from high
to low values. The aspect values in Fig. 3.5b are coded by eight grey levels, representing eight
aspect sectors. Curvature (plan and profile together) is visualized in Fig. 3.5c, while sky-view
factor is depicted in Fig. 3.5d with values from 0% (black) to 100% (white). The artefacts
clearly indicate that the level 1 DEM25 has been used for these images.
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Figure 3.5: Illustration of time-independent products from the level 1 DEM25 for the Weissmies test
region (cf. Fig. 4.5 ‘A’). a) Slope, b) aspect, c) curvature and d) sky-view factor. All images are scaled to
the range of 256 grey levels. DEM25 © swisstopo.
a) b)
d)c)
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Apart from the time-independent parameters slope, aspect and sky-view factor, also time-
dependent (mostly radiation-related) parameters can be calculated from a DEM (e.g.,
Dubayah, 1992; Kumar et al., 1997), for example, direct potential short-wave radiation (psr)
and cast shadow maps. Because their value depends on sun position, they vary with the time
of a day and the day of the year. In order to use them as a glacier specific index, averages are
computed for each parameter. The psr is calculated from SRAD-code (see Wilson and Gallant,
2000) as the mean for the summer months June to September (Gruber, 2002) and shown in Fig.
3.6a for the Weissmies test region. Cast shadow is calculated for the 21st August at one-hour
intervals starting at 9:00 and ending at 18:00 UT. The ten derived maps are converted to grid
format, multiplied by 10 and added within Arc/Info (colour-coded in Fig. 3.6b). Hence,
regions located in cast shadow for all time slices receive a value of 100%.
Atmospheric and terrain correction
For the calculation of spectral reflection from each pixel, satellite imagery has to be corrected
for atmospheric (height dependent scattering and absorption) and topographic (shadowing,
direction of illumination) influences (see 4.3). The latter includes computation of illumination
and cast shadow maps at the time of satellite overpass (to account for direct radiation) as well
as sky-view and terrain-view factors (to account for diffuse radiation). The calculations are
performed with the level 1 DEM25 and its artefacts. Improvements from the DEM25L2 are
likely, but have not been investigated yet.
Figure 3.6: Radiation-related parameters from DEM analysis for the Weissmies test region (cf. Fig.
4.5 ‘A’). a) Mean of potential solar radiation (psr) for the months June to September (from orange =
highest to pink = lowest values). b) Digitally combined binary maps of cast shadow (10 slices) for the
21st of August. DEM25 © swisstopo.
a) b)
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3D Visualization
The DEM is also used for visualization purposes. Especially oblique perspective views have
the ability to exhibit the very steep topography around glaciers and can be used together with
glacier outlines from distinct years to visualize glacier retreat as well. In combination with
natural colour high-resolution satellite imagery, such maps satisfy a basic demand of the gla-
ciological community (Haeberling, 1998; Hurni et al., 2000) and were already used for illustra-
tion of glacier change (Haeberli et al., 2002a and b). In Fig. 3.7 the Belvedereglacier below the
Monta Rosa east face (Anzasca valley, Italy) is shown for example. Some more examples from
the SGI 2000 are given in Fig. 7.1 and App. 3.3. In addition stereo images can be created from
the DEM by calculation of two images with a small change in the observer’s position. Combi-
nation to anaglyph pictures enables realistic 3D viewing with special glasses (KfG, 2002).
Furthermore, each other DEM product or modelling result can be draped over a DEM in
order to show topography-influenced parameters more clearly (e.g., Copland, 1998; Etzel-
müller et al., 2001). However, the viewing position and angles must be selected carefully, as
the terrain may hide relevant features or a large scale view does not allow visualization of
small-scale details. The overlay of various GIS layers (vector, raster, image) in the SGI 2000 is
accomplished within the Arc/Info module arcplot using surfacedrape (see 6.1.2). If digitized
contour lines from older glacier maps are available and proper geocoding is possible, DEMs
can be obtained from the contour lines and 3D animations of glacier retreat can be computed
by the use of specialized software (Kaufmann and Plösch, 2000).
Figure 3.7: Oblique perspective view of Monte Rosa east face above Belvedereglacier (BG). The debris-
covered tongue is about 3 km long. The view is created from a fused IRS-1C / TM image acquired at 20
Sep 1997 / 31 Aug 1998 and draped over the DEM25L2. Additional abbreviations: DS=Dufourspitze
(4634 m a.s.l.), LL=Lago Locce, RZ=Refugio Zamboni, B=Breach. DEM25 © swisstopo.
N
The New Swiss Glacier Inventory 2000 - Application of Remote Sensing and GIS PhD thesis by Frank
4. REMOTE SENSING
4.1. Satellites and Sensors
4.1.1. Overview
The sensors used in the SGI 2000 are placed on board the satellites Landsat 5 and 7, SPOT 2
(Système Pour l’Observation de la Terre), IRS-1C (Indian Remote sensing Satellite), Terra and
Ikonos. All these satellites revolve around the earth from north to south (at daytime) on a
near-polar orbit with the earth rotating from west to east beneath them (Fig. 4.1a). This
ensures acquisition of another swath (the area on earth covered by the sensor) during the next
orbit. Their orbits are sun-synchronous, resulting in image acquisition at nearly the same local
time for each area of the world. A summary of orbit characteristics (apart from Ikonos) is
given in Table 4.1. For more technical details of satellites and sensors see Kramer (2002).
The sensors Thematic Mapper (TM) and Enhanced Thematic Mapper plus (ETM+) on board
Landsat 5 and 7, respectively, are opto-mechanical multi-spectral scanners, which scan the
surface line by line with an oscillating mirror perpendicular to the flight direction (across-
track scanning). Each line represents a 185 km long and 480 m wide sweep (using 16 detector
rows) on the surface (Fig. 4.1b). The incoming reflected or emitted radiation passes a telescope
and is separated into seven spectral bands with 30 m (reflective bands 1-5 and 7) and 120 m
(thermal band 6) spatial resolution (see Table 4.2). The received electromagnetic energy is con-
verted into 256 discrete levels (digital numbers or DN). The ETM+ has an additional panchro-
matic band (Pan) with 15 m spatial resolution and the thermal bands has 60 m resolution and
operates at two different sensitivities. The thermal band registers emitted radiation and is
thus able to collect data from the night-side of the earth during the ascending part of the orbit.
In contrast to SPOT or Terra, Landsat is not able to look at any position other than directly
Satellite Landsat 5 Landsat 7 SPOT 2 IRS-1C Terra
Sensors TM ETM+ HRV (Pan) LISS-III (Pan) ASTER
Launch Date 1.3. 1985 15.4. 1999 22.1. 1990 28.12. 1996 18.12.1999
Earth distance [km] 705 705 830 817 705
Revisiting period [days] 16 16 26 (5) 24 (5) 16
Equator crossing [UT] 9.30 10:00 10.31 10:30 10:30
Image size [km × km] 185 × 170 185 × 170 60× 60 141×141 (70×70) 60 × 60
Spatial resolution [m] 30, 120 (T) 30 (15), 60 (T) 20 (10) 23.6 (5.8) 15 (V), 30 (M), 90 (T)
Table 4.1: Some characteristics of the satellites used (V=visible, M=middle infrared, T=Thermal
infrared). Values in brackets are valid for the Pan band. Taken from NASA (2002) and Kramer (2002).
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downward (nadir-viewing), so the revisiting period (when the satellite reaches the same path)
is fixed at 16 days (the orbit cycle period). Getting nearer to the pole, the overlap of adjacent
orbit paths increases and the same point is acquired more often. Landsat 5 is still in operation
and is flying in formation with Landsat 7 (8 days ahead). Furthermore, both Landsat satellites
acquire data about the land surface all the time (as cloud cover permits), whereas SPOT, IRS-
1C and Terras sensor ASTER (Advanced Spaceborne Thermal Emission and reflection Radi-
ometer) do so only upon user request. The performance of ETM+ is improved compared to
TM in terms of radiometric calibration, sensor response range (saturation), and band-to-band
registration (NASA, 2002). From the multi-instrument platform Terra only its sensor ASTER is
used. Terra uses also the Landsat orbit (30 minutes behind) and each scene is 60 by 60 km
(same as for SPOT), which is about 1/9 of a TM full scene.
Figure 4.1: a) Near-polar orbit of Landsat, b) working principle of across-track scanners (Landsat
TM) and c) along-track scanners (SPOT HRV, IRS-1C). Taken from CCRS, 2002.
Opposite to TM (or ETM+) the two sensors of SPOT and IRS-1C are opto-electronical multi-
spectral scanners, which scan the earth’s surface during satellite motion (along-track) with a
complete array of detectors arranged in a line (Fig. 4.1c). This allows for smaller detectors
(higher ground resolution) due to a longer measuring period for each detector and a pointing
capability of the sensor with a steerable mirror (±27°). The latter leads also to a shortening of
the revisiting period and allows the acquisition of stereo images. Both satellites operate with a
multi-spectral mode (XS and LISS-III) with 20 and 23.5 m spatial resolution, and a pan mode
with 10 and 5.8 m spatial resolution, respectively (Table 4.1). On SPOT 4 the multi-spectral
sensor was renamed to XI and equipped with an additional MIR band.
TM Band Landsat 5 TM Landsat 7 ETM+ SPOT 1-3 SPOT 4 IRS-1C ASTER Ikonos
1 (blue) 0.45-0.52 0.45-0.515 - - - - 0.45-0.52
2 (green) 0.52-0.60 0.53-0.61 0.50-0.59 0.50-0.59 0.52-0.59 0.52-0.60 0.52-0.60
3 (red) 0.63-0.69 0.63-0.69 0.61-0.68 0.61-0.68 0.62-0.68 0.63-0.69 0.63-0.69
4 (NIR) 0.76-0.90 0.75-0.90 0.79-0.89 0.79-0.89 0.77-0.86 0.76-0.86 0.76-0.90
5 (MIR) 1.55-1.75 1.55-1.75 - 1.55-1.75 1.55-1.70 1.60-1.70 -
7 (MIR) 2.08-2.35 2.09-2.35 - - - 2.15-2.431 -
Pan - 0.52-0.90 0.51-0.79 0.51-0.79 0.50-0.75 - 0.45-0.90
Table 4.2: Spectral bandwidths of reflective bands from the different sensors in µm. 1= summary of 5
individual bands. The IRS-1C MIR-band has 70 m spatial resolution. Data taken from Kramer (2002),
NASA (2002), Spaceimaging (2002) and Spotimage (2002).
b)a) c)
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The fixed revisiting period from Landsat causes a simple path and row pattern (Fig. 4.2a). For
full coverage of the entire area of Switzerland eight Landsat scenes are needed (path 193 - 196,
row 27 - 28). In order to cover all Swiss glaciers, only two scenes are required, as it is possible
to order scenes which are shifted within the path. The 30% overlap between adjacent scenes
extends the chance for a cloud-free scene of a specified region from the end of the ablation
period (e.g., path 193 for the eastern part of Switzerland). The pointing capability of SPOT
enables a free path and row pattern, however a nominal grid exists (Fig. 4.2b) to obtain scenes
from the distributor SPOT Image. See Table 4.3 and Fig. 4.5 for a summary of scenes used.
Figure 4.2: Path and row pattern over Switzerland for a) Landsat and b) SPOT (NPOC, 2002).
Resolution
In remote sensing the term resolution can be used to describe: (1) spatial, (2) spectral, and (3)
radiometric resolution (Darvishsefat, 1995):
(1) There are various definitions of spatial resolution (Joseph, 2000), as it is possible to distin-
guish a more technical term from a more user-defined term. In the first case, spatial resolution
is the area on the ground over which the sensor integrates electromagnetic radiation and is
equivalent to pixel size. In the second case, spatial resolution refers to the smallest identifiable
object. In the latter case, resolution is highly variable and can be much smaller than the nomi-
nal pixel size, depending on image contrast. In Fig. 4.3 a comparison of three different spatial
resolutions is shown, which are simulated from the IRS- 1C pan sensor with 5 m pixel size
(Fig. 4.3a). While there is only little decline in the visibility of spatial details compared to 15 m
resolution (Fig. 4.3b), the separation of details decreases notably at 30 m resolution (Fig. 4.3c).
(2) Spectral resolution is often referred to as the number of spectral channels. The original def-
inition uses the bandwidth of each spectral channel (Simonett, 1983). While the possibility of
spectral discrimination of certain objects increases with decreasing bandwidth, the signal to
noise ratio decreases. The spectral range covered from each respective band of each sensor
mentioned in Table 4.2 are very similar. The sensitivity of the Pan band from ETM+ is
extended to the near infrared compared to SPOT and IRS-1C, resulting in higher grey levels
upon vegetated terrain (stronger reflection from chlorophyll) and lower grey levels over
water (stronger absorption).
Regarding the number of spectral channels, the MIR-band TM5 is essential for glacier map-
ping and not available from SPOT 1-3 (HRV sensor) and Ikonos (cf. Table 4.2).
b)a)
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Figure 4.3: Comparison of typical spatial resolutions for a sub-section (‘Grubengletscher’) of the
Weissmies test region: a) 5 m, b) 15 m and c) 30 m. The coarser resolutions in b) and c) are down-sam-
pled from a), the original IRS-1C image (cf. Fig. 4.8 for a true colour display with TM321).
The emissive thermal band (TM6) is only available from Landsat and Terra sensors, and only
Landsat (apart from Ikonos) is equipped with a blue channel (TM1). The thermal channel
(especially the improved 60 m resolution from ETM+) is of interest for mapping of glaciers
under thin debris cover (Taschner and Ranzi, 2002), and the blue channel from TM/ETM+
and Ikonos allows RGB composites in nearly real colours. This is advantageous for compari-
son of classification results by visual inspection (moraine, snow in cast shadow) and visuali-
zation of results in 3D perspective views (satellite image draped over a DEM).
(3): Radiometric resolution can be described as the number of grey levels to which the
received electromagnetic radiation is converted. The higher this number is, the better the radi-
ometric discrimination of objects will be. While Landsat and SPOT sensors (TM, ETM+, XS,
pan) use an 8 bit quantization (256 grey levels), the LISS-III sensor has 128 grey levels (7 bit)
and the IRS-1C pan channel (and also the former Multi-Spectral Scanner, MSS) uses 6 bit
quantization (64 grey levels).
Radiation path
In summary, the path of the radiation through a sensor can be described with the sensor
model from Cracknell (1998):
Sensor specific part
Three comments are noteworthy: (1) the original information (radiance) about any object is
altered during passage to the sensor, (2) the input radiance is also altered by atmospheric and
topographic effects (described in 4.3.1) and (3) the final pixels with certain DNs have an anal-
ogy to real world objects only. In reality the latter have neither a quadratic shape, nor the
exact size of a pixel (Fig. 4.4a). If they are smaller they are neither equally distributed within a
pixel, nor placed in the centre of a pixel. Thus, mixed pixels with an unknown location of the
object boundary within a pixel occur (Fig. 4.4b). Refer to Cracknell (1998) and Fisher (1987) for
more details. However, spatial resolution of TM is appropriate for the monitoring of even
small alpine glaciers (cf. 5.1.3), spectral resolution allows automatic glacier classification with
TM5 (cf. 4.4.1 and 4.4.2) and radiometric resolution allows snow characterization (apart from
the often-saturated band TM1).
INPUT -—> OPTICS DETECTOR ELECTRONICS —> OUTPUT
radiance from
surface
spatial
resolution
spectral resolution
(number of channels)
quantization of signal
(number of grey levels)
digital number (DN)
b)a) c)
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Figure 4.4: a) Idealized objects exactly occupying whole pixels and having uniform horizontal top
surfaces, b) examples of mixed pixels (after Fisher, 1997 and Cracknell, 1998).
4.1.2. Scene selection
In the SGI 2000 glacier outlines are derived from 30 m Landsat 5 TM data and Pan bands from
SPOT and IRS-1C are used for evaluation of glacier mapping accuracy as well as for visualiza-
tion. The scenes obtained for the SGI 2000 are summarized in Table 4.3 together with a short
description of snow and cloud conditions within each scene. In Fig. 4.5 the regions covered by
each scene and sensor, as well as the location of the test regions used is indicated.
The selection of a TM scene is governed by at least three conditions: The scene has to be
acquired (1) under cloud-free conditions (2) near the end of the ablation period (3) in a year
without any snowfields connected to glaciers. The last point is most crucial, since location of
snow cover shows high spatial and temporal variability. Because spatial variations of snow
cover are hardly detectable from the small quicklooks available on-line for scene selection,
weather report summaries should be used to determine possible late summer snowfall.
Together with the 16-day revisiting period of Landsat 5, only a small number of scene acquisi-
tions between 1984 and 2001 meet all three conditions.
The SGI 2000 should include new glacier outlines for the year ‘2000’ (approx.) as well as satel-
lite imagery from earlier years to assess possible acceleration trends in glacier retreat. With
respect to the good glacier classification conditions found in previous studies for the years
1985 and 1992 in the Tyrolean Alps, Austria (Paul, 2002a and 2002b), both years were also
investigated for the SGI 2000. Since autumn snow conditions at the end of the ablation period
were very bad for glacier classification in 2000 and 2001, scenes from 1998 and 1999 are
selected for the new ‘2000’ glacier outlines. Hence, glacier changes from 1985 to 1992 (7-year
period) and from 1992 to 1998/9 (6/7-year period) could be investigated with TM data alone,
and the periods 1973 to 1985 (12 years) and 1985 to 1998/9 (13/14 years) could be compared
in combination with the digitized 1973 glacier outlines. For the region between Landsat paths
193 and 195 (see Fig. 4.5) a satisfactory TM scene from 1992 (± 1 year) is not available.
a) b)
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Test regions
For comparison of glacier mapping methods and development of image processing tech-
niques four test regions are selected. They are depicted in Fig. 4.5 by black rectangles and
labelled from A to D. Most of the comparisons were performed for test region (A) Weissmies
(or parts of it) covering 12.6 by 18 km on a side. In this region, elevation ranges from 1500 to
4000 m a.s.l. resulting in very steep topography, pronounced cast shadows and debris-cov-
ered glaciers: a worst-case region for glacier mapping. Test region (B) covers the area to the
south of the ‘Nufenenpass’ and is mainly used for comparison between TM- and SPOT-
derived glacier outlines. The test region ‘Aletsch’ (C) is chosen for development of a debris-
cover mapping technique, as many glaciers in this area are heavily covered by debris. Exam-
ples of glacier change visualization are given for the Mischabel mountain range (D).
Landsat (#1-#10):
Scenes from path 193 (#1 - #3) are selected for their better snow conditions in 1985 (compared
to path 194), the availability of a scene from 1992, and to assess the performance of the new
Landsat ETM+ sensor for glacier mapping. Path 194 scenes (#4, #5) are used to cover the
regions between path 193 and path 195. Only scene #6 from 1985 was available at first and is
used for comparison of glacier mapping methods. Scenes #7 and #8 from path 195 (western
part of Switzerland) experience good glacier classification conditions. Scenes #9 and #10 in
particular meet superb conditions, as they were acquired near the end of the 1997/98 balance
year with extremely negative mass balances (Herren et al., 2001). Larger data gaps for 1999
remain to the north of the Rivers Rhine and Inn, due to snow cover (cf. Fig. 5.14, App. 3.2-2).
Nr. Sensor Path-Row Date Description
1 TM 193-27 (+50%) 30.9. 1985 no clouds, some snow at gl. (increasing towards the west)
2 TM 193-27 (+50%) 17.9. 1992 no clouds, very little snow at gl., shifted scene from NPOC
3 ETM+ 193-27 (+50%) 13.9. 1999 few clouds over glaciers (Bernina, Adamello), no snow south of
Silvretta and Tyrolean Alps, too much snow to the north
4 TM 194-27 (+60%) 21.9. 1985 high clouds in the western part of the scene, some cumulus con-
vection to the east, but not affecting glaciers, snow as in #1
5 TM 194-27 (+60%) 12.9. 1999 low clouds in the eastern part, no clouds over Bernina and Sil-
vretta, snow conditions very bad in the northern part
6 TM 195-28 12.9. 1985 no clouds, but some snow at gl., especially to the north,
scene used for algorithm comparison
7 TM 195-27 (+70%) 28.9. 1985 thin contrail over Mischabel group, some snow left at gl.
8 TM 195-27 (+70%) 15.9. 1992 cumulus to the north, but not over glaciers, sparse snow at gl.
9 TM 195-27 31.8. 1998 no snow at gl., best snow conditions for glacier mapping
10 TM 195-28 31.8. 1998 some cumulus (south east) and over 3 glaciers, snow as #9
11 SPOT Pan 55-256 17.9. 1992 no clouds, not much snow at gl.
12 SPOT Pan 55-257 17.9. 1992 no clouds, not much snow at gl.
13 IRS-1C Pan 25-36A 20.9. 1997 low clouds in the north but not affecting glaciers, increasing
amount of snow at gl. to the north, but below average
14 IRS-1C Pan 25-36C 20.9. 1997 few cumulus clouds to the south-east, little snow at gl.
15 IRS-1C Pan 26-36C 25.9. 1997 few cumulus clouds in the south, little snow at gl.
16 Ikonos Pan Trift / Rhonegl. 17.9. 2000 much snow around glaciers, but some usable for delineation
Table 4.3: Overview of the satellite scenes used and description of image conditions. In the ‘Path-Row’
column (+xx%) means shifted scene, in the last column ‘gl.’ means ‘glaciers’.
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SPOT (#11,#12), IRS-1C (#13-#15) and Ikonos (#16):
For comparison with Landsat TM-derived glacier outlines two SPOT Pan scenes were
obtained (#11 and #12), which were acquired only two days after TM scene #8 and cover a
small part of the same region. The three IRS-1C Pan scenes (#13 - #15) were acquired in Sep-
tember 1997 under quite good conditions. They are used to improve spatial resolution by
fusion with TM scenes from 1998 (#9 and #10) and 1999 (#5), in order to illustrate glacier
change. The Ikonos scene (#16) is used instead of aerial photography for manual glacier delin-
eation at 1 m spatial resolution for five small glaciers with almost snow-free perimeters.
Figure 4.5: Footprints of the satellite scenes used (red: Landsat (shifted), blue: SPOT, green: IRS-1C,
yellow: Ikonos) and location of test regions: A=Weissmies, B=Nufenen, C=Aletsch and D=Mischabel.
4.1.3. Geometric distortions of TM raw data
In the following sections, only distortions of Landsat scenes are considered, since they are
mainly used for the SGI 2000. It is possible to obtain Landsat TM data from the distributor
Eurimage at different levels of pre-processing. The selected ‘system corrected’ level 4 data
includes radiometric corrections from level 2 (compensation of the different sensitivities of
individual detectors) and geometric corrections from level 3, such as mirror rotation, earth
rotation and - curvature, satellite elevation and - position (ESA, 1994). While the radiometric
quality of Landsat data after ESA system correction is not evaluated here, some comments on
the geometric quality must be given. The scenes suffer from (1) duplicated lines and (2) col-
umns introduced by the geometric restoration algorithm used by ESA as well as from (3) an
irregular column shift of 16 lines (a sweep) across all channels and (4) a shift of one column
for TM bands 5 (TM5) and 7 and about 12 columns for TM6 (band-to-band misregistration).
AD
BC
195-27/28
194-27/28
193-27/28
25-36A
25-36C
26-36C
55-256 56-256
I
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(1): Duplicated lines are introduced by ESA to maintain the nominal pixel size of the scenes
and are found in each channel at the same position through the entire width of the scene (blue
lines in Fig. 4.6a). They show an irregular distance pattern and a variation of the average dis-
tance from scene to scene. For example, in one scene the values of minimum and maximum
distance between duplicated lines are 30 and 33 lines, while in another scene these values are
34 and 48 lines.
For the SGI 2000 the duplicated lines were not deleted before orthorectification of the scenes
(although they contain no additional information), because the main sample of ground con-
trol points (GCPs) used is collected on scenes with duplicated lines. Although some software
has been written for semi-automatic correction of the resulting GCP-shift, the expected time
required for correction of all scenes was not worth the effort.
(2): Duplicated columns (red lines in Fig. 4.6a) do not run across the entire scene, but are
restricted to a sweep of 16 lines. With increasing distance from the nadir point their number
increases also, since they are introduced for compensation of earth curvature and panoramic
distortion. They can not be removed, because they are the result of more than one correction
and, thus, are non-linear artefacts (Darvishsefat, 1995).
(3): The column shift of an entire sweep is notably visible along straight lines (streets, rivers).
This artefact is also present in TM raw data and is not removed completely during ESA sys-
tem corrections (instead of data delivered by EOSAT). Since manual correction will disturb
the inner geometry of the image, this artefact cannot be eliminated (Darvishsefat, 1995).
(4): The offset of TM5 and TM7 is due to their shifted position in the sensor (cooled focal
plane) and known as ‘band-to-band misregistration’. It is visible in a false colour composite
(FCC) with TM bands 5, 4 and 3 (TM543) as red, green and blue (RGB), respectively, around
lakes with a red seam to the left and a blue-green seam to the right (Fig. 4.6b). Differences in
glacier classification with TM4 and TM5 occur in the case of a correction before processing
(see 5.1.3). The exact shift of the thermal band 6 is difficult to estimate as image resolution is
four times lower. For most scenes the TM6 shift has been corrected before orthorectification.
Figure 4.6: Geometric errors in TM images after system correction from ESA. a) Duplicated lines
(blue) and column segments (red) for a sub-section of 680 by 500 pixels. b) Band-to-band misregistra-
tion of TM5 compared to TM4 and TM3 produces a red seam to the left of a lake (and cyan to the right)
in TM 543 composites. The arrow indicates a double line, pixel size is 30 m.
b)a)
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4.2. Geometric correction
4.2.1. General remarks
For multi-sensoral and multi-temporal image fusion or overlay, as well as for all GIS-based
applications, satellite imagery has to be in the same map projection. During geocoding or
georeferencing the row/column coordinates are transformed to an earth-based map projec-
tion. In the high mountain environment of the Alps, terrain elevation has to be considered as
well, in order to correct the panoramic distortion (Fig. 4.7a). In the case of Landsat TM, a pixel
representing a point on earth with an elevation of 3000 m, located 70 km from the nadir point
is shifted by 300 m from its real position. For other distances and terrain heights the shift is
depicted in Fig. 4.7b. The inner geometry of the satellite images has partly been corrected dur-
ing ESA pre-processing and orthorectification is used as a synonym for the combination of
geocoding, correction of panoramic distortion and orthorectification.
Terrain elevations from the DEM25L2 (nested into the larger level 1 DEM25 perimeter) is used
for orthorectification, as elevation differences of up to 300 m have been observed at crests
(compared to the level 1 DEM25), resulting in a 30 m location shift on the ground. Geocoding
is based on a set of 40 to 100 GCPs, which are collected from various sources (see 4.2.2).
Figure 4.7: a) Transformation of pixel row and column numbers to a geodetic map projection without
considering elevation, results in a shift of pixel location (neglecting earth curvature). b) Shift of pixel
location as a function of terrain elevation and nadir distance for Landsat TM.
During the process of orthorectification, the spatial resolution of TM is resampled from 30 m
to 25 m for better matching with map coordinates. The calculation of new pixel values (DNs)
at positions different from the old ones is possible with different resampling methods named
‘nearest neighbour’ (NN), ‘bilinear interpolation’ (BI) and ‘cubic convolution’ (CC). While
NN-resampling just takes the nearest pixel to fill the new location without altering the DN
(Fig. 4.8a), BI uses four pixels (Fig. 4.8b) and CC 16 pixels (Fig. 4.8c) around the old position of
a pixel, for calculation of the new DN (e.g., Richards, 1994; Schowengerdt, 1997). The influ-
ence of the resampling method on the derived glacier map is discussed in 5.1.3.
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Figure 4.8: Different resampling methods. a) nearest neighbour, b) bilinear interpolation, and c) cubic
convolution (adapted from CCRS, 2002).
The differences between the three methods and the raw data are illustrated with a TM321
image in Fig. 4.9 for a small sub-set of the Weissmies test region with the ‘Grubengletscher’.
The differences can be followed by the visibility of breaches (white arrow) formed by out-
bursts of the Gruben lake. The NN-resampling (Fig. 4.9b) does not alter the DN of the raw
data and the breaches are still clearly visible. But the image appears rather ‘blocky’ and not
very realistic. With BI (Fig. 4.9c) the DNs are changed, the image is smoothed and the
breaches are barely visible. Resampling with CC (Fig. 4.9d) is a compromise with a much
lesser smoothing and even the breaches are visible again, but not as good as in Fig. 4.9b. How-
ever, CC is used for resampling of all images during orthorectification.
Figure 4.9: Resampling of Landsat TM data with different methods shown for a subset (Grubengla-
cier) of the Weissmies test region: a) raw data (30 m resolution), b) nearest neighbour, c) bilinear inter-
polation, d) cubic convolution. Due to the orthorectification the view in a) slightly differs from b) to d).
The arrows indicate the position of lake outburst breaches for comparison with a).
b)a) c)
a) b)
c) d)
500 m
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4.2.2. Application in the SGI 2000
If the inner geometry of the image data is undisturbed, three GCPs are theoretically sufficient
for an affine-transformation. However, there are many geometric artefacts in Landsat data (cf.
4.1.3), and a large number of GCPs are collected over Switzerland and neighbouring countries
for geocoding. There are some selection criteria for good GCPs: They should be evenly dis-
tributed in space and elevation, they should stay unchanged for many years and also within a
year (illumination), and they should be identifiable in all images (e.g., Richards, 1994). Thus,
cross-streets and bridges over rivers, isolated buildings and the dams of hydroelectric power
plants, road bends and tunnel gates, and also distinct mountain tops are all used as GCPs. The
collection of GCPs and their correction is a very time-consuming task; nevertheless, in order
to retain control over accuracy, all TM scenes are obtained without geocoding. In the case of
GCP sampling from topographic maps, the work flow can be summarized as:
(1) selection of GCPs on the map with a cross-check for correspondence in the satellite image,
(2) storage in a text file (format: index, pixel x/y, map x/y, elevation),
(3) elimination of gross errors and correction of worst pixels as far as possible,
(4) selection of randomly-spaced check points for independent accuracy assessment,
(5) calculation of the transformation parameters and orthorectification of the image.
(1): The GCPs are collected from the official topographic map (scale 1:25000) with an accuracy
of 1/2 mm (equivalent to 12.5 m in nature). Image-works from PCI (1998) is used for determi-
nation of the corresponding point in the satellite image at 8 to 16 times magnification (accu-
racy about 1/4 pixel). It should be noted that image x/y-coordinates in image-works are
starting with 0/0 instead of 1/1 in gcp-works.
(2) All GCP data are entered into a text file with a text editor. The individual values are sepa-
rated by a comma. While a basic GCP file remains unchanged, various excerpts were gener-
ated, since the covered area differs for the individual satellite images.
(3) With the ability to sort the GCPs for ‘worst’, gross errors can be eliminated rather quickly.
The correction of all other GCPs (fine tuning) is rather tricky and time-consuming. Before
eliminating the GCP, one should try to shift its location within the image. This is done for
most GCPs with root mean square errors (RMSE) greater than about one pixel. Because of
mixed pixels (Fig. 4.4) it is often quite difficult to locate a special point within - or even around
a 30 m pixel. Nevertheless, this is the only way for accurate orthorectification of satellite
imagery and the mean RMSE is reduced by the large number of GCPs used.
(4) With a print of the GCP number in a x/y plane (using XMGR) some GCPs are selected to
act as a check point (CP). They are not considered for calculation of the transformation equa-
tions and have proven to be a more reliable and independent measure of the positional accu-
racy (e.g., Schowengerdt, 1997). RMSE of check points and GCPs are given in App. 1-3.
(5) The calculation of the transformation equations is carried out with SMODEL and the
orthorectification itself with SORTHO from PCI.
In general it is possible to overlay TM scenes from different years by applying a constant shift
to all pixels, if the regions are smaller than about 1000 by 1000 pixels (Paul, 2002a and b).
Thus, it is also possible to use the same set of GCPs for scenes from different years if they have
the same path and row. The relative displacement is calculated as an average of five to ten
points in both images, and added to the entire set of GCPs with a short Fortran program.
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Unfortunately, every GCP has to be controlled again, because for larger areas (TM full scene =
6920 by 5760 pixels), the relative displacement is not constant (due to the changing number of
duplicated rows and columns). In general thenew position can be found within a two or three
pixel neighbourhood of the calculated position. Some GCPs are rejected for scenes of the same
path/row, as they are hidden by clouds or cannot be identified again. In general the RMSE of
the GCPs and CPs are similar for each scene and in the order of a half to a full TM pixel (15 to
30 m). If the RMSE seems to be unrealistic, an inspection of the ephemerides data is appropri-
ate. The row/column coordinates of the centre pixel in particular could be erroneous.
4.3. Atmosphere and terrain correction
4.3.1. Radiation paths in rugged terrain
The influence of atmospheric effects on spectral signatures is discussed by Kaufman (1988)
and their correction for TM in Gilabert et al. (1994). Application of a DEM to correct satellite
data over rugged terrain was examined by Justice et al. (1981) and Dozier and Frew (1981)
and in more general terms by Proy et al. (1989). Conese et al. (1993), Itten and Meyer (1993)
and Sandmeier and Itten (1997) debate case studies with comparison of classification results
with and without atmospheric correction. The radiative transfer code 6S is described in Ver-
mote et al. (1994 and 1997) and the PCI implementation of the components by Richter (1997).
Remote sensing is based on the measurement of reflected or emitted energy from long dis-
tances. For passive remote sensing sensors (such as TM), the sun is the source of the reflected
radiation and the earth is the source of emitted thermal radiation (which can only be meas-
ured with the TIR channel TM6). The irradiance from the sun is strongly altered and weak-
ened during atmospheric passage, mainly by gaseous absorption and by scattering from
molecules and aerosols. Generally, absorption by aerosols is small and is treated in radiative
transfer calculations as a correction factor (selection of urban -, maritime - or continental type
aerosol distribution). Moreover, satellite sensor channels avoid molecular absorption bands
and are located in the so-called atmospheric windows, where transmission is highest (Jia et
al., 1999; Schowengerdt, 1997).
The paths of scattered photons through the atmosphere can be rather complex and are sum-
marized in Fig. 4.10a (the following numbers refer to the figure): The target itself is illumi-
nated directly (1) or after atmospheric scattering (2) from the sun or from adjacent terrain (3).
A small part of the irradiance is scattered into space (4) without reaching the sensor, another
part is scattered into the sensor without reaching the target, either coming directly from the
sun (5) or from adjacent terrain (6). The strength of scattering is increasing with decreasing
wavelength (e.g., Vermote et al., 1997). Considering all possible combinations and using
‘Atm.’ (atmosphere) as a synonym for atmospheric scattering processes, the path through the
atmosphere can be summarized as:
SUN -> Atm. -> (Surface -> Atm.) -> Target -> Atm. -> SENSOR
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The part in brackets can illuminate the target additionally but, with the exception of snow in
rugged terrain, its contribution is rather negligible. This model can be seen as an extension to
the sensor model described in 4.1.1 and as a substitution for the ‘Input’ part. For the SGI 2000,
atmospheric correction is carried out for the Weissmies test region with the 6S radiative trans-
fer code (see 4.3.2).
Besides the atmospheric conditions, the illumination conditions also have to be taken into
account for calculation of target reflectance. They vary with the position of the sun (elevation
and azimuth in degrees), which may be treated as constant for a distinct scene, and topo-
graphic conditions (e.g., slope, see top of Fig. 4.10b). In mountainous terrain also adjacency
effects (additional illumination from direct and scattered radiation of adjacent slopes) have to
be considered (bottom of Fig. 4.10b). A DEM of suitable spatial resolution and elevation accu-
racy (depending on the sensor) has to be used to consider topography and calculate local inci-
dence angles of solar radiation on tilted surfaces (e.g., Sandmeier and Itten, 1997).
Figure 4.10: a) Possible paths of radiation from the sun to the satellite sensor (after Vermote et al.,
1994); numbers are explained in the text. b) Top: varying illumination conditions on tilted slopes, bot-
tom: additional illumination from reflected direct and scattered radiation in mountainous terrain.
In order to facilitate processing speed, a number of parameters are calculated from the DEM
before the atmospheric correction: (1) illumination, (2) regions in cast shadow, and (3) sky
view and terrain view factor. (1) The illumination is the cosine of the local incidence angel,
which gives the direction to the sun with respect to the normal vector of the surface (Civco,
1989). Some illuminated regions may be placed in regions with shadow casted by the nearby
terrain. (2) To avoid an over-correction here, regions in cast shadow are calculated in advance.
For each pixel it is calculated, whether or not the path of the vector to the sun is obscured by
the surrounding terrain. The illumination (in shades of grey) is shown in Fig. 4.11a for the
time of satellite overpass (12 Sep 1985, 9:30 UT) together with the cast shadow map (black
areas) in Fig. 4.11b. (3) Sky-view and terrain-view factors are needed for calculation of diffuse
irradiance. The local horizon algorithm from Dozier and Frew (1990) is most often used for
this calculation and also included in PCI. A grey scale representation for the test region Weiss-
mies is shown in Fig. 3.5d.
a) b)
cast
shadow
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Figure 4.11: Time-dependent DEM products as calculated for atmospheric and terrain correction of
the Weissmies test region at the time of satellite overpass. a) Illumination (cosine of the local incidence
angle) scaled to 256 grey levels. b) Regions located in cast shadow (black). DEM25 © swisstopo
4.3.2. Usage in the SGI 2000
The ground reflectance of each pixel is computed within PCI using RCOR2 (a RSL implemen-
tation). This program calculates three different parts: (1) at sensor radiance, (2) altitude
dependent solar irradiance for horizontal surfaces (atmospheric module), and (3) the same for
tilted surfaces from a DEM (topography module).
(1): The DNs of the image are transformed into radiance at the sensor (Lλ) using the calibra-
tion coefficients gain (aλ) and offset (bλ) according to:
Lλ = aλ + bλ · DNλ
for each TM band λ. The calibration coefficients are given together with all other data for
atmospheric correction in App. 1-4. The spectral radiance is needed for calculation of the unit-
less-effective-at-satellite planetary reflectance (Rλ) according to:
Rλ = (Lλ · π · d
2) / (Sλ · cosθS)
with d=sun-earth distance in astronomical units, Sλ =solar exo-atmospheric spectral irradi-
ance, and θS = solar zenith angle (Markham and Barker, 1986). Rλ is not computed within
RCOR2, but needed for algorithm comparison and computed with MODEL (cf. App. 2.1-1).
b)a)
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(2): The atmospheric module uses an atmospheric catalogue file containing six different
standard atmospheres and seven aerosol types for various sensors based on the atmospheric
radiative transfer code 6S (Vermote et al., 1994). From this catalogue the mid-latitude summer
atmosphere with continental type aerosol is used. While adjacency effects are not taken into
account at this point, the horizontal visibility is used for altitude-dependent correction of
optical thickness.
(3): The topography module is based on the Lambertian assumption (100% diffuse reflection)
and computes direct, diffuse, and terrain irradiance for tilted surfaces. Direct irradiance (illu-
mination) is calculated with REL2 using the cosine law of spherical geometry (e.g., Civco,
1989) and regions in cast shadow are computed by CAST. The diffuse irradiance is separated
into an isotropic and a circum-solar component. The calculation of the irradiance reflected
from the terrain and the isotropic diffuse sky irradiance is performed with VD (sky-view fac-
tor) and VT (terrain-view factor) using the method of Dozier and Frew (1990).
Thus, before correction with RCOR2, the following components are computed from the DEM
using EASI from PCI: illumination (REL2), cast-shadow (CAST), sky-view (VD) and terrain
view factor (VT). Moreover, data for satellite gain and offset, calibration coefficients and the
elevation-dependent horizontal visibility (from meteorological observations at different
heights) must be compiled. The latter are given in App. 1-4 and were obtained from the
former SMA (Swiss Meteorological Office, now MeteoSwiss). The output is ground reflect-
ance for each pixel with values from 0.0 to 1.0.
4.3.3.  Consequences
In Fig. 4.12a the test region Weissmies is shown with TM321 after contrast stretching but with-
out any other correction and in Fig. 4.12b after atmospheric and terrain correction using
RCOR2. The terrain appears flat now and artefacts from the level 1 DEM25 used are clearly
visible. Besides some under-correction in regions with cast shadow over snow, the over-cor-
rections near the northern end of cast shadow regions caused by mountain crests are particu-
larly conspicuous. The latter are also visible at the valley bottom in the upper right part of Fig.
4.12b, and may be the consequence of the very steep terrain to the south. Some other artefacts
of the DEM are also visible in the image.
Regarding glaciers, their perimeter is barely visible in the corrected image, since illumination
differences that shape the glacier tongues are strongly reduced. As a consequence, multi-spec-
tral classification techniques of debris cover on glaciers based on reflectance values will also
fail, as the only source of information (texture) is removed. Moreover, classification of glaciers
based on spectral reflectance values is somewhat restricted, since artefacts from the DEM
introduce a large number of new object classes. Although the artefacts are greatly reduced in
the new DEM25L2, a test of glacier mapping methods based on atmospheric/terrain cor-
rected reflectance is not carried out, as such high quality DEMs are not available worldwide.
Hence, all image processing techniques and glacier mapping methods described in the fol-
lowing are based on digital numbers, except where noted.
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Figure 4.12: The Weissmies test region with TM321 (contrast stretched) using raw data (a) and after
atmospheric and terrain correction (b). The DEM artefacts and over-correction in shadow are visible.
4.4. Digital image processing techniques
4.4.1. Spectral properties of ice and snow
The surface of alpine glaciers is comprised of snow and ice (i.e., metamorphosed snow), apart
from regions covered by debris or water. Thus the spectral properties of glaciers are similar to
those of snow (Hall and Martinec, 1985). The spectral properties of snow were studied in-situ
(e.g., Grenfell et al., 1981) and modelled numerically (e.g., Dozier, 1984 and 1989; Warren,
1982). A result for three different snow grain sizes is shown in Fig. 4.13a with model results
from 0.3 to 2.08 µm and measured values thereafter. The reflection of fresh snow reaches 95%
in the visible part of the spectrum and resembles a Lambertian reflector closely. According to
Hall et al. (1989b), the reflection in this spectral range is virtually independent of grain size,
but depends strongly on contamination by soot and dust. In the near-infrared (between 0.7
and 1.5 µm), however, reflection decreases strongly with increasing wavelength and depend-
ence of reflection from grain size increases. On the other hand, dependence of reflection on
contamination decreases. Between 1.5 and 2.2 µm, the reflection of snow is very low, whereas
it is high for water clouds and ice clouds. There is only minor dependence of reflection on
contamination, but a strong one on grain size around 1.8 and 2.2 µm (Dozier, 1989).
a) b)
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Spectral reflectance curves from in-situ measurements for fresh snow, firn, glacier ice and
dirty glacier ice are compiled in Fig. 4.13b. In this figure, measurements from TM for different
glaciers as well as positions of TM bands 1-4 are also indicated (after Hall et al., 1989b). In
terms of the spectral properties of snow (and also of glacier ice, assuming very large grain
sizes) the consequences for the TM reflective bands are (cf. Orheim and Lucchitta, 1987):
TM1, TM2, TM3 (0.45-0.7 µm): Very high reflection over snow with possible detector satura-
tion (DN=255) in TM1 and also TM2 and TM3, if the surface is tilted towards the sensor (Doz-
ier, 1984; Gangkofner, 1989). The reflection decreases strongly, if contamination with small
amounts of soot, dust or pollen occur (Warren, 1982). Also clean (debris-free) bare glacier ice
is always polluted and, hence, much darker in the visible bands (no detector saturation).
TM4 (0.76-0.9 µm): The reflection over snow is lower (about 90%) and detector saturation sel-
dom. The dependence of reflection from contamination is much lower and the dependence
from snow grain size increases. Clean glacier ice has a much lower reflectance in the near
infrared (about 40%), maybe due to the presence of liquid water on the surface, which
strongly absorbs radiation in this part of the spectrum.
TM5 (1.55-1.75 µm): Very low reflection of snow and even lower reflection of ice with a strong
dependence on grain size (cf. 4.13a). As a result, snow appears somewhat brighter than ice in
TM5, due to the smaller grain sizes. TM5 and TM7 have also been used successfully for calcu-
lation of snow grain sizes (Bourdelles and Fily, 1993). In regions with snow or ice in cast
shadow, considerable noise is present (DNs less than 5), which makes glacier mapping some-
what difficult in those areas. In TM7 noise is even stronger (also over glacier ice in sunlight)
and, hence, this band is not used for glacier mapping.
The comparison of TM-derived glacier reflectance with in-situ measurements is discussed in
5.1.1, but should already be mentioned here (Fig. 4.13b) to show the drop in reflectance from
snow to firn in TM1 to TM3 (due to impurities) and from firn to glacier ice in TM4 (due to the
presence of liquid water).
Figure 4.13: a) Spectral properties of snow for different grain sizes from numerical models with data
taken from the ASTER spectral library (JPL, 2002). Position and reflectance range for TM-spectral
bands are indicated. b) Spectral reflectance curves for different glacier facies after in-situ measurements
(modified from Hall et al., 1989b; based on Zeng et al., 1983).
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4.4.2. Glacier classification methods
In this section the digital image processing techniques as mentioned in previous studies about
glacier classification with TM (see 5.1.1) or as used for the SGI 2000 are described. They are
applied to the same test region Weissmies (or the northern part of it) to allow a comparison of
results. While the methods (1) - (4) discussed below are used for creation of glacier maps, (5) is
used for mapping of debris cover on glaciers or for fusion of Landsat TM with SPOT or IRS-
1C pan bands (see 4.5), and method (6) is discussed for the sake of completeness only. For a
more detailed description of image processing techniques refer to Jia et al. (1999), Lillesand
and Kieffer (1999), Mather (1999) and Schowengerdt (1987).
(1) Ratio images
Ratio images were used to enhance the spectral properties of certain objects while reducing
the bias in illumination caused by rugged terrain (e.g., Holben and Justice, 1981). Spectral sep-
aration was improved if the raw data was corrected for atmospheric scattering before ratioing
(Crippen, 1988). This is possible by subtracting the lowest DN within a scene for each channel
from each DN (also called dark object subtraction or DOS). Otherwise illumination differ-
ences (cast shadow areas) are strongly enhanced, especially if TM bands 1 to 3 are used. In
Fig. 4.14 the creation of a glacier map from a TM4 / TM5 ratio image is presented. As dis-
cussed before, glacier ice is light grey (snow is white) in TM4 (Fig. 4.14a), while it is nearly
black (snow is dark grey) in TM5 (Fig. 4.14b). Shaded areas have low reflection and appear
black in both channels. Figure 4.14c gives the result of the division of TM4 by TM5 (without
DOS), yielding high grey levels over ice and snow, and very low grey levels over other ter-
rain. As a consequence of the higher reflection of turbid water in TM4 (compared to TM5),
pro-glacial lakes are partly included in the glacier map after thresholding. They were deleted
by another technique which is described in 4.4.2 (4).
Thresholding of the ratio image reveals Fig. 4.14d where the grey levels darker or brighter
than the threshold are colour-coded. The blue and green pixels are removed (turned to white
together with the other, even darker pixels), the red and yellow pixels are brighter than the
threshold value and are not removed (turned to black). This thresholding is to some degree
subjective, and in the course of removing pixels enclosing other terrain, some mixed pixels
also disappear. However, the errors introduced by this procedure are small, because the
number of terrain pixels assigned to the glacier class is nearly the same as the number of gla-
cier pixels assigned to the terrain class (cf. 5.1.3). Because of spectral similarities with the sur-
rounding terrain, it is not possible to include the debris-covered parts of a glacier with this
technique. A semi-automatic method for debris-cover mapping is presented in 5.2.
After applying a 3 by 3 median filter to the black and white glacier mask, isolated pixels are
removed (red in Fig. 4.14e) and isolated gaps are filled (blue). If glaciers are not too small
(larger than 0.1 km2), the change in glacier area remains small and a better glacier map is the
result. The number of pixels added and subtracted to a single glacier by the median filter lies
in a similar range (cf. 5.1.3). The delineation of the glacier perimeter is performed by a raster -
vector conversion and the resulting outline is shown in white on a TM543 FCC in Fig. 4.14f.
Since this method is used for glacier mapping with TM within the SGI 2000, the algorithm is
implemented in a PCI-script (using MODEL), which is given in App. 2.1-2, together with the
method for debris mapping. The threshold values used for each scene are summarized in
App. 1-3.
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Figure 4.14: Creation of a glacier map with segmentation of a TM4 / TM 5 ratio image illustrated for
the northern part of the Weissmies test region. a) TM4, b) TM5, c) ratio image, d) different threshold
values colour-coded (see text), e) deleted (red) and added (blue) pixels by median filtering, and f) over-
lay of digitized 1973 outlines (white) on a TM543 composite. Scale for all images is given in e).
a) b)
c) d)
e) f)
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(2) Unsupervised classification: ISODATA clustering
Unsupervised image classification offers the advantage of little user interaction while produc-
ing comparably good results. However, results are scene-dependent and work according to
trial and error. Since ISODATA clustering is used by Aniya et al. (1996) for glacier classifica-
tion, the method is also investigated for the SGI 2000 and a short description of the method
follows. For a more detailed discussion of the algorithm refer to the PCI help (ISOCLUS).
The ISODATA (Iterative Self Organizing DATa Analysis) method searches iteratively for cen-
tres of clusters in the n-dimensional image space (set up by the n image bands). The user has
to assign the number of clusters (with an upper and lower limit), the maximum number of
iterations, and a threshold below which the movement of cluster centres is neglected, so that
the iteration can stop. A seed file (with the starting centres of clusters) is generated diagonally
along the n-dimensional histogram.
The results for 20 and 31 classes using TM bands 1-5 within the test region ‘Weissmies’ are
depicted in Fig. 4.15a and 4.15b, respectively. Conversion to a glacier map is carried out inter-
actively by visual comparison with a TM543 FCC. While the conversion of most of the classes
to ‘glacier’ or ‘other’ is rather easy, there are perhaps one or two classes where the decision
takes a longer time. The resulting glacier boundaries appear somewhat randomly (see com-
parison in 5.1.2) and a different number of initial clusters will alter their shape to some
degree. Thus, this method may reveal better results in other regions or with different parame-
ters, but it is not very practical for worldwide application.
Figure 4.15: Result of the unsupervised ISODATA clustering with a) 20 and b) 31 classes.
The reduction of the number of colours in a FCC is also a kind of unsupervised classification.
Normally a combination of three different TM bands (with 256 grey levels) will reveal a maxi-
mum of 2563 (or about 16.78 million) colours. A reduction to 64 or 32 colours is, thus, a form
of image classification. Especially the TM543 FCC have proven to be very useful for separa-
tion of (for example) snow/glaciers (light blue), bedrock without vegetation (purple), mead-
ows (yellow) and forest (green) at first glance. Nevertheless, these colours give no clear
indication of the spectral properties of distinct objects, since they are altered by topography-
induced bias in illumination.
a) b)
4.4. DIGITAL IMAGE PROCESSING TECHNIQUES 53
The New Swiss Glacier Inventory 2000 - Application of Remote Sensing and GIS PhD thesis Frank Paul
4.
(3) Supervised classification: Maximum-Likelihood
Supervised classification is a two-step process: selection of probable training areas and classi-
fication of the data. The training areas provide class signatures for the classifier and should
have a Gaussian distribution; careful selection is necessary, as they should include all visible
objects and their spectral variation. Moreover, sample sizes should be large enough (Richards,
1994; Schowengerdt, 1997).
In Fig. 4.16a the location and area covered by the training areas used is depicted, while Fig.
4.16b shows the result of a Maximum-Likelihood classification (MLC) from these training
areas. The nine classes used are: ice, ice at steep slopes, snow in sunlight, snow in shadow, ter-
rain, cast shadow, forest, meadow and water. The classes ‘water’, ‘frame’ and ‘zero’ are not
shown, but are listed together with all other classes in the confusion matrix of the classifica-
tion (App. 1-5). The internal overall accuracy reaches 95.7%, and the confusion matrix reveals
that misclassifications occur mainly between the forest and shadow class as well as between
ice at steep slopes and ice or snow. But the latter has no consequences for the resulting glacier
map, which is generated from both ice and snow classes. In the end the method is not applied,
as expert knowledge is required and the spectral signatures are changing with the scene used.
Figure 4.16: Maximum-Likelihood classification for the Weissmies test region. a) Location and size of
training areas used, b) result of the MLC. The glacier map is created from the two ice and snow classes.
= ice in sunlight
= ice at steep slopes
= snow in sunlight
= snow in shadow
= forest
= meadow
= other terrain
= cast shadow
a) b)
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(4) Normalized Difference Indices: NDVI, NDSI and NDWI
The detection of snow and ice with Landsat TM can also be achieved by enhancing differ-
ences in spectral reflectance. While snow and ice have very low reflectance in the middle
infrared, the reflection is very high in the visible part of the spectrum (see 4.4.1). Thus, the
maximum reflectance difference can be used for a normalized difference index with TM2 and
TM5, analogue to the Normalized Difference Vegetation Index (NDVI). The latter is widely
used for vegetation monitoring from satellite data (e.g., Hardy and Burgan, 1999) and is calcu-
lated as (TM4-TM3)/(TM4+TM3).
The Normalized Difference Snow Index (NDSI) is used by Hall et al. (1995b) for snow map-
ping or Sidjak and Wheate (1999) for glacier mapping and calculated as (TM2-TM5)/
(TM2+TM5). In Fig. 4.17a a grey scale representation of the NDSI is displayed, showing the
great contrast between ice and snow (nearly white) and other terrain (grey to black). Data
adjustments (removal of scattering by DOS) have been applied to TM2 before the calculation.
A glacier map is obtained from thresholding of this image (see Fig. 5.1d).
As already mentioned (see 4.4.2 (1)), turbid lakes are classified in large parts as glacier ice
with the TM4 / TM5 method. Thus, they are problematic in glacier mapping with this
method, because they are often in direct contact with glacier ice. Huggel (1998) developed a
method for detecting lakes from Landsat spectral bands using a Normalized Difference Water
Index (NDWI), similar to the NDSI or NDVI. While water strongly absorbs radiation in the
near- and middle infrared part of the spectrum, it is much more reflective in the visible part,
especially in the case of turbid lakes. Most other surface types (such as vegetation or soil)
have higher (or equal) reflection in the near infrared than in the visible part (Pietroniro and
Leconte, 2000). Hence, the NDWI is calculated as (TM1-TM4)/(TM1+TM4), with lakes having
typical values > 0.45. TM5 or TM7 could be used instead of TM4, but the NDWI with TM4 has
proven to be more capable of discerning water from ice and snow, which is the reason for its
application here (Huggel et al., 2002).
By subtracting the darkest grey level from TM1 (normally about 30 DN) before calculation of
the NDWI, most of the turbid lakes (sediment from glacial erosion) can be classified by a sim-
ple segmentation of the NDWI image. In Fig. 4.17b a grey scale representation is shown, rang-
ing from NDWI=-1 (white) to NDWI=+1 (black). Lakes appear as small white spots and
regions in cast shadow have clearly lower grey values. Without applying DOS to TM1, also
some of the clear lakes (within the glacier map from TM4 / TM5) can be classified from the
NDWI, using a different threshold. Other techniques (e.g., using a DEM and slope values less
than 1°) can be applied to classify remaining lakes. Although this is not necessary for the SGI
2000 (vectorized glacier basins are also used for separation of wrong classification), detection
of lakes without DEM information has strong advantages in regions with potentially hazard-
ous (pro-)glacial lakes and poor DEM information (Huggel et al., 2002; Kääb et al., 2000a and
b). The NDWI and the classified lake map is shown for a larger region (southwestern part of
Switzerland) in App. 3.2-5.
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Figure 4.17: Grey scale representation of the NDSI (a) and the NDWI (b).
(5) The IHS colour-space transformation
The Intensity-Hue-Saturation (I-H-S) colour-space transformation separates the spatial (I)
from the spectral (H, S) information in an RGB image (e.g., Pohl and van Genderen, 1998). The
replacement of the I-component by an image band with higher spatial resolution before back
transformation to RGB colour-space is widely used for image fusion (e.g., Carper et al., 1990).
Image fusion itself is discussed in more detail in paragraph 4.5.1. Another application is col-
our enhancement of highly correlated image bands, using a contrast stretched H-component
for back transformation (Gillespie et al., 1986). The IHS transformation is only possible with
three bands at a time, but any band combination is possible.
In Fig. 4.18 the H and S components from TM bands 2, 3 and 4 (left column) and 3, 4 and 5
(right column) is shown. While the I-components represent just the average intensity of all
three input bands, the H- and S-components show some remarkable features. The H-compo-
nent of TM bands 2, 3 and 4 (H234) is composed mainly of white, black and grey, maybe re-
presenting forest, vegetated and non-vegetated terrain, respectively (Fig. 4.18a). The H-com-
ponent of TM bands 3, 4 and 5 (H345) is comprised mainly of brighter and darker grey levels
(Fig. 4.18b). Grey values > 126 correspond to the grey areas in Fig. 4.18a and separate non-
vegetated from vegetated terrain (comparable to NDVI values > 0). A map of vegetation-free
areas derived from H345 is also used to reduce misclassification with TM4 / TM5 over vege-
tated terrain and for mapping of debris cover on glaciers (see 5.2.2 and App. 2.1-2A). The
H345 component and the classified map of vegetation-free areas is shown for a larger region
(southwestern part of Switzerland) in App. 3.2-4. The S234 image (Fig. 4.18c) shows a great
variety of grey values, which are difficult to assign to characteristic surface features. In the
S345 image (Fig. 4.18d) all snow and glacier ice is surrounded by a black line and the contrast
between debris-cover on glaciers and the surrounding terrain is enhanced.
a) b)
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Figure 4.18: Results of a RGB-IHS transformation with TM234 (a and c) and TM345 (b and d) after
contrast stretching. The hue-components are at top (a and b), saturation is at bottom (c and d).
(6) Principal Component Analysis: PCA
In general, PCA is a statistical technique that transforms a multi-variate data set of intercorre-
lated variables into a data set of new uncorrelated linear combinations of the original varia-
bles. In remote sensing the PCA is used in particular for image data compression and
enhancement, digital change detection and image fusion (Pohl and van Genderen, 1998).
Since the grey values (DNs) between the TM bands (in the visible part) are more or less corre-
lated, PCA reduces the image dimension (number of bands), by putting as much spectral var-
iance as possible in the least number of principal components (Canas, 1985).
The computation of the PCs can be separated into three steps: (1) The calculation of a covari-
ance matrix (App. 1-6) from the multi-band image will give the correlation of bands between
one another. (2) The calculation of the corresponding eigenvectors and their eigenvalues
(App. 1-7 and 1-8) will give the orientation of the axes in the n dimensional image space and
the variance along the axes, respectively. (3) Each PC (j) is calculated as the sum of the eigen-
a) b)
c) d)
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vector (Eji) - weighted DNs over each band (i). Hence, the equation for the calculation of the
first PC is formulated as:
PC 1 =
The PCs 1-4 from TM bands 1-5 for the test region ‘Weissmies’ are displayed in Fig. 4.19a-d,
respectively. While the first principal component (PC1) explains 65.4% of the variance and
represents most of the intensity variations from TM bands 1-4 (Fig. 4.19a), PC2 explains 29.6%
of the variance and represents most of the differences introduced by the MIR band TM5 (Fig.
4.19b). The interpretation of PC3 (Fig. 4.19c with 4.5% variance) and PC4 (Fig. 4.19d with 0.5%
variance) is rather difficult and not discussed here, since no correspondence with glacial fea-
tures can be seen. However, PCA is used for snow cover mapping under a glacier mask
obtained from PC 2 by Sidjak and Wheate (1999). PCA is not used in the SGI 2000 as principal
components vary with scene content.
Figure 4.19: Principal components 1-4 (a-d) from TM bands 1-5. Especially in PC 3 and 4 various
surface properties are enhanced, but with a difficult interpretation.
DN 1 E1i⋅
i 1=
5
∑
a) b)
c) d)
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4.5. Image fusion
4.5.1. Background
Image fusion is a way to combine multi-source imagery with advanced image processing
techniques. An overview of concepts in multi-source image fusion in remote sensing is given
by Ehlers (1991), Pohl and Genderen (1998) and Schowengerdt (1997). Regarding image
fusion in the spatial domain (see Yocky (1996) for the frequency domain), it is possible to dis-
tinguish between (a) fusion at pixel level, (b) feature level (classified images) or (c) decision
level (GIS applications). While (b) and (c) are also used for the SGI 2000, the discussion here
focuses on image fusion at pixel level. A huge number of different sensors acquire data from
the earth’s surface (Kramer, 2002) and possible methods include fusion of data from different
time, sensors and spatial resolutions. Some objectives of image fusion are summarized in
Table 4.4 together with the methods used, fused sensors and some references. The table is
obviously not exhaustive, since fusion at the scale of airborne sensors (about 10 cm resolution)
or weather satellites (about 1 km resolution) are neglected.
Accurate orthorectification is an essential prerequisite for all fusion techniques. With respect
to spatial fusion of multi-spectral with panchromatic bands, the main problem is keeping of
spectral characteristics from the multi-spectral bands in the fused images. This problem is
pronounced if the spectral range of the low resolution band (like TM5) differ from the pan
band. Thus, fusion of TM with SPOT and IRS-1C pan is used in the SGI 2000 only for visuali-
zation purposes and comparison of TM-derived results with higher resolution data sets.
4.5.2. Applications
From the various image fusion techniques described in Table 4.4, only the widely-used IHS-
fusion is applied in the SGI 2000 and described here for TM / SPOT pan fusion. The process-
ing steps are: (1) proper orthorectification of both images, (2) selection of corresponding sub-
scenes, (3) scaling of TM bands to the spatial resolution of SPOT pan (25 m to 10 m), (4) colour-
space transformation with TM bands 3, 2 and 1 from RGB to IHS, (5) contrast enhancement of
the SPOT Pan channel similar to the contrast of the I-component, and (6) back transformation
from IHS to RGB after replacement of the I-component with the contrast stretched SPOT pan
band. The SPOT pan scene #14 (cf. Table 4.3) is used for fusion with TM scene #10. The good
temporal coincidence (2 days apart) allows a genuine evaluation of the TM glacier mapping
Method Sensor Objectives References
sensor (temporal) TM / SAR improved classification Welch and Ehlers (1988)
temporal TM / TM change detection, missing information Singh (1989)
spatial SPOT XS / Pan image sharpening, improved interpreta-
tion and classification
Cliche et al. (1985), Carper et al.
(1990), Pellemans et al. (1993)
sensor & spatial TM / Spot Pan scenes from same date: see ‘spatial’,
different dates: image display
Chavez et al. (1991), Shettigara
(1992), Sunar and Musaoglu
(1998), Munechika et al. (1993)
Table 4.4: Summary of methods for image fusion (see Schowengerdt, 1997; Pohl and Genderen, 1998).
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accuracy, but both scenes share only a small region. From this region another test area
(‘Nufenen’) is chosen for comparison, which is located to the south of the ‘Nufenenpass’ and
is 19 by 12 km in size (see Fig. 4.5 ‘B’ for location). In Fig. 4.20a-c the I-, H-, and S-component
from TM bands 1-3 are shown after contrast enhancement, respectively. While the I-compo-
nent represents more or less the average intensity values of all three bands, the H-component
shows a strong contrast enhancement between snow and ice and also between lakes and the
surrounding terrain. The S-component exhibits some interesting details of the snow surface.
Figure 4.20: A subset of the Nufenen test region with the Gries- and Hohsandglacier. a) Intensity-, b)
hue-, and c) saturation component of TM bands 1, 2 and 3.
In the fused image (Fig. 4.21b) all spatial details are greatly enhanced (crevasses, topographic
features) and colour (spectral characteristics) is altered very little (cf. Fig. 4.21a). There is a
purple seam around snow fields, as a result of the high reflectivity in TM bands 1-3 for mixed
pixels, which are only partly covered by snow. The comparison with TM-derived glacier out-
lines is discussed in Chapter 5.4.
Figure 4.21: a) TM image of Griesglacier (15 Sep 1992) before and b) after IHS-fusion with SPOT
pan (17 Sep 1992). All spatial details are greatly enhanced. SPOT data: © SPOTimage.
a) b) c)
a) b)
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5. METHODS OF
GLACIER MAPPING
5.1. Glacier ice
5.1.1. Previous work
In this chapter studies about optical remote sensing of alpine glaciers are discussed, snow and
ice properties are not considered. General overviews were given by Gao and Liu (2001), Wil-
liams (1983) and Williams and Hall (1993 and 1998). The glacier studies include: (1) analysis of
false colour composites, (2) manual delineation of glacier outlines by on-screen tracking, (3)
segmentation of ratio images from different input bands, (4) supervised or unsupervised clas-
sification, and (5) comparison of TM-derived reflection with in-situ measurements.
(1) False colour composites
A first description of the possibilities for glacier studies with Landsat MSS data (such as
topography, velocities, surge type) was given by Krimmel and Meier (1975). Østrem (1975)
used prints of FCCs to identify the position of the transient snow line (TSL) on numerous gla-
ciers in Norway and Canada. He already mentioned the possibility of glacier mass balance
determination from space. Rott (1976) used contrast enhanced prints from MSS data to esti-
mate the height of the TSL of about 50 glaciers in the Tyrolean Alps (Austria) and calculated
their AAR. Williams (1987) used a MSS winter image with low solar elevation for morpholog-
ical mapping of the Vatnajøkull ice cap and a MSS late summer image with a special contrast
enhancement for delineation of different ice and snow facies in a FCC.
(2) Manual delineation
This method is widely used for glacier boundary mapping with MSS and TM. For example,
MSS-derived glacier outlines were combined with co-registered FCCs from Landsat TM of a
later year (Hall et al., 1992 and 1995a; Williams et al., 1997; Williams and Hall, 1993) in order
to derive changes in glacier length. In general a good agreement with in-situ measurements
was obtained. Larger errors result if the glacier terminus was covered by debris and barely
visible with TM or MSS. Rott and Markl (1989) used manual delineation for assessment of
snow and glacier areas with TM. They had also shown that interactive cursor tracking of gla-
cier boundary by an expert revealed more accurate results than an automatic algorithm. For
mono-spectral bands (SPOT or IRS-1C pan) this is the only method to obtain glacier outlines.
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(3) Segmentation of ratio images
A first attempt at using the different spectral properties of glacier ice in TM4 and TM5 for
characterization of snow and ice zones on glaciers was presented by Hall et al. (1987). Later
Rott and Markl (1989) explained that ratio images with TM3 / TM5 revealed better results in
shadow zones than TM4 / TM5, whereas the latter showed better performance in mapping
glacier areas facing towards the sun. Also Rott (1994) used a TM3 / TM5 ratio image, but with
spectral reflectances (R) from both channels instead of DNs. He assigned values of [R(TM3) /
R(TM5)] > 1.3 to the snow and ice class and separated this class into snow for R(TM3) > 0.48,
firn (0.32 < R(TM3) < 0.48) and ice (R(TM3) < 0.32). Bayr et al. (1994) have used ratios of the
digital numbers from TM4 and TM5 to delineate the glacier boundary of two different gla-
ciers in Austria. Furthermore, Jacobs et al. (1997) used a segmentation threshold of R(TM4) /
R(TM5) > 1.0 to delineate the perimeter of the Barnes Icecap. They had to apply manual cor-
rections for debris-covered glacier areas. It is interesting to note that the TM4 / TM5 ratio was
originally developed to facilitate ice/snow discrimination (Hall et al., 1987). The fact that
there is also some contrast enhancement between glaciers and terrain was already mentioned,
but not used for glacier mapping.
(4) Various classification methods
Della Ventura et al. (1983) developed a technique for automatic glacier classification (ice,
snow, other) with MSS data for a small region in the Italian Alps. Later, Della Ventura et al.
(1987) used a decision tree classifier and achieved more accurate results.
Gratton et al. (1990) used a GIS to improve the classification accuracy of Landsat MSS and TM
data for mountain glacier mapping. Within the GIS environment they performed automated
selection of training areas for a Maximum-Likelihood classification. Although high accuracy
was achieved for most classes (snow, clean ice, vegetation, rock, water), regions with debris
had to be classified by visual inspection. The DEM was not used to obtain glacier parameters.
Binaghi et al. (1993) used also a GIS to improve glacier mapping with TM data and for an
update of glacier parameters. For classification they used fuzzy set theory and Dempster-
Shafer theory to attribute probability distributions to sets of classes. They combined them
with additional data to calculate the final classification (snow, ice, other).
Fuzzy set theory was also used more recently by Binaghi et al. (1997) for glacier classification
in the Ortles-Cevedale Group and south Pusteresi Alps (Italy). Although a high accuracy was
achieved, the presented method is quite complex and only hardly applicable for worldwide
glacier monitoring. Moreover, debris cover on glaciers was not mapped.
An inventory of the entire Southern Patagonian Icefield (SPI) based on TM data from 1986
was performed by Aniya et al. (1996). They used cluster analysis (ISODATA) with TM bands
1, 4 and 5 on Morenoglacier and grouped the 20 clusters into three classes (snow, ice and
rock). For the whole SPI a parallelepiped (or Maximum-Likelihood in cases of ambiguity)
classification was performed. In case of misclassification (ice in shade, supraglacial till) man-
ual correction was applied.
Li et al. (1998) used a supervised classification for delineation of the Moromaha Icefield in
Tibet. They improved their classification by interactive manual correction. Changes in glacier
area or length were derived within a GIS (see also 2.2.4).
A detailed evaluation of different glacier mapping algorithms was carried out by Sidjak and
Wheate (1999). They applied supervised Maximum-Likelihood classification to different com-
binations of input bands. These bands were made of principal components (PC) 1-4 or 2-4,
partly under a glacier mask derived from PC2 by thresholding, a NDSI, a TM4 / TM5 ratio
image or a TM543 composite image. The best classification was revealed with a combination
of PC 2-4, TM4/TM5 and the NDSI as the input bands. Even nunataks and medial or dis-
persed supraglacial debris were correctly mapped.
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Spectral mixture analysis was applied to TM data for ice / snow discrimination on tropical
Andean glaciers by Klein and Isacks (1999). The spectral endmembers that they used also
allowed glacier classification, but problems occur for ice in shadow and under debris cover.
(5) Reflection calculations
In many glacier studies with TM, surface reflectance was calculated and assigned to different
ice and snow zones. Moreover, assumptions about the general ‘health’ of a glacier were
derived, although only yearly conditions were investigated (Hall et al., 1989a).
Hall et al. (1988) calculated the planetary reflectance at the satellite sensor for delineation of
three different zones (bare ice, wet snow and fresh snow) on glaciers in Austria and Alaska. A
comparison of TM-derived snow and ice reflectance with field measurements at the same
time was carried out by Hall et al. (1990). By applying an atmospheric correction (accounting
for scattering and absorption), reflectance increased by 5-17% and corresponds within 6% to
field measurements. During snow metamorphism and with decreasing viewing angle the ani-
sotropy of snow reflectance increased, so that TM-derived reflectances can only be used for
nadir viewing conditions.
Koelemeijer et al. (1993) compared TM-derived reflectance (from the tongue of the Hintereis-
ferner, Austria) with in-situ measurements obtained in a different year. They also corrected
for atmospheric scattering and absorption yielding a good agreement with the measurements.
They pointed out that the decrease in reflection towards the glaciers terminus depends on cre-
vasses, dust, debris and concentration of air bubbles in the ice.
Winther (1993) compared TM-derived reflectance from August 1987 and 1988 with field meas-
urements from August 1992 and 1993 over two glaciers in Svalbard. He discovered large vari-
ations in albedo within 5 days, both investigated years and also spatially on both glaciers. The
calculated albedos were influenced by atmospheric scattering and absorption, topography
(slope and aspect), adjacent pixels, and the anisotropy of snow reflectance.
A different approach was followed by Gratton et al. (1993). The authors determined the net
radiation balance of the Athabascaglacier basin from TM data, a DEM and the radiative trans-
fer code Lowtran 6. They produced a surface cover map from supervised classification and
calculated albedo from TM band reflectances, using different weighting schemes for different
cover types. Furthermore, they computed TM6 brightness temperatures to derive terrain
emitted radiation.
An extensive comparison between ground-based and TM-derived albedo measurements of
glaciers is given by Knap (1997) and Knap et al. (1999). The measurements agree quite well,
apart from a large scatter over bare glacier ice, due to a high spatial variability of the albedo.
5.1.2. Comparison within one test region
Most of the methods discussed above within points (3) and (4) are applied to the test region
Weissmies, in order to obtain the best glacier mapping method for the SGI 2000. Due to steep
relief (altitudinal range 1500 - 4500 m a.s.l.) there is shadow and debris-cover present on some
glaciers. Together with abundant small snow fields, there are three influences on glacier map-
ping accuracy, known to be critical from previous studies, which can be examined in this
region (cf. Paul, 2001). The following methods are investigated for the SGI 2000:
(a) Ratio images from TM3 / TM5 and TM4 / TM5 with the DNs, planetary reflectance and
atmosphere/terrain corrected reflectance for each channel, (b) an unsupervised ISODATA
clustering with different input channels and number of clusters, (c) a supervised Maximum-
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Likelihood classification (MLC), (d) the NDSI and (e) PCA. The individual glacier maps
(black = ‘glacier’, white = ‘other’) are created as follows: For method (a) interactive threshold-
ing of the ratio images is applied, the classes of (b) are separated into ‘glacier’ and ‘other’ by
visual interpretation. For the MLC (c) the two ice and snow classes are assigned to ‘glacier’
and all other classes to ‘other’. The threshold for the NDSI (d) is also selected by visual inter-
pretation. The PCA (e) is not used for glacier mapping, as distinct glacial features could not be
identified from any component.
In Fig. 5.1 a-f two glacier maps are compared at a time in each figure. The following colour
scheme is used: ‘glacier’ on both maps: grey, ‘other’ on both maps: white and ‘glacier’ only on
the first or second map: red or blue, respectively. In order to reduce noise a 3 by 3 median fil-
ter is applied to all glacier maps before combination (see 5.1.3). The used glacier maps in Fig.
5.1a-f are: (a) a ratio image from TM3 / TM5 versus TM4 / TM5 using DN, (b) same as (a), but
using the planetary reflectance, (c) as (a) but using atmosphere and terrain corrected reflect-
ance, (d) the NDSI versus TM4 / TM5 from DN, (e) the unsupervised ISODATA clustering
with 20 classes versus TM4 / TM5 from DN, and (f) the supervised Maximum-Likelihood
classification versus TM4 / TM5 from DN.
All methods other than TM4 / TM5 with DN reveal problems with regions in cast shadow
(indicated by arrows in Fig. 5.1a), where they map too much (Figs. 5.1a, b, d, f) or too little
(Fig. 5.1c and e) glacier area. Additional regions within cast shadow are mapped from both
methods displayed in Fig. 5.1b and d. Small snow fields were especially mapped with the
methods depicted in Fig. 5.1c, e and f. The accuracy of all investigated methods could be
improved partly by changing the relevant parameters (thresholds, training areas, number of
clusters) but at the cost of more incorrect results at other places. All methods fail in detection
of debris-covered ice because of the spectral similarity to the surrounding terrain. The glacier
classification with segmentation of a TM4 / TM5 ratio image using the raw DN proved to be
the best method with respect to glacier areas in cast shadow or assignment of snow fields to
‘other’. In paragraph 5.3 a comparison with results (manual delineation) from higher-resolu-
tion imagery is given.
The threshold value for the ratio image lies in general near 2.0 and no dark object subtraction
is applied to TM4 before ratioing. Wrong classification occur for vegetation in shadow and for
lakes. These areas are classified separately by a thresholded NDWI image (lakes, 4.4.2. (4))
and the hue-component from an RGB-IHS colour-space transformation with TM543 (vegeta-
tion, 4.4.2. (5)). The mapping algorithm is given in 5.4.3 (work-flow) and App. 2.1-2 (pro-
gram). See 5.2 for a method of semi-automatic mapping of debris-covered glacier ice.
5.1.3. Possible error sources
Median filter and threshold
A median filter with a 3 by 3 kernel size is used for smoothing of the classified (black and
white) glacier maps. This non-linear filter improves classification accuracy by filling/deleting
small isolated gaps/noise pixels, respectively. While filling and deleting helps to correct gla-
cier classification in cast shadow, the latter deletes also small snow fields. The ‘fill’ function of
the filter has two opposite effects: While the inclusion of a medial moraine of one pixel width
and arbitrary length is wanted, the filling of rock outcrops (nunataks) is not. However, the fil-
ter has more advantages than disadvantages, at least for larger glaciers.
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Figure 5.1: Glacier maps comparing two methods at a time. Areas in grey were identified by both
methods as being a glacier, red areas only by the first method, and blue areas only by the second method.
The compared methods are: a) TM3 / TM5 and TM4 / TM5 from DN, b) as a) but all TM bands from at
satellite planetary reflectance, c) as a) but all TM bands from atmospheric corrected reflectance, d)
NDSI and TM4 / TM5 with DN, e) unsupervised ISODATA clustering (20 clusters) and TM4 / TM5
from DN, and f) supervised Maximum-Likelihood classification (8 classes) and TM4 / TM5 from DN.
a) b)
c) d)
e) f)
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A more detailed analysis of 99 glaciers within the test regions Weissmies and Mischabel
reveals an average change in glacier area by the median filter of -1.3± 2.86% for all glaciers
and +0.3±1.00% if glaciers smaller than 0.1 km2 are not considered. Thus, area is reduced by
the filter for very small glaciers (the smaller, the stronger) and somewhat enlarged for larger
glaciers (see Fig. 5.2). This has to be recognized during interpretation of glacier changes (see
Chapter 7). If un-rectified TM data are used (without any resampling) the median filter
should also be applied to TM5 before the division (not necessary for ETM+). This will reduce
much of the noise over snow and ice in regions with cast shadow.
While a shift of the threshold for segmentation of the ratio image towards higher values
reduces noise, glaciers became thinner due to removal of mixed ice/terrain pixels along the
glacier perimeter. Lower values will result in larger glacier areas but more noise. In Fig. 5.2b
the relative change in glacier area (same 99 glaciers as above) for 4 distinct values (1.7, 1.8, 2.0
and 2.1) of the threshold are shown. Glacier areas derived with a threshold value of 1.9 are
used as the reference. Apart from the general increase of scatter and larger differences
towards smaller glaciers, change in glacier area is mostly below ±2% for a ±0.1 variation of the
threshold (i.e., 1.8 and 2.0) and glaciers larger 0.1 km2. Thus, the threshold is quite robust and
every attention could be paid to glacier parts in cast shadow, as these regions are most sensi-
tive to noise (see example in App. 3.2-1. For the SGI 2000, the lowest possible threshold is
used (compiled in App. 1-3), resulting in more remaining noise but somewhat larger glaciers.
Figure 5.2: a) Relative change in glacier area caused by the median filter (unfiltered values as the ref-
erence). A sub-sample of 99 glaciers from the test areas Weissmies and Mischabel is used. b) Relative
change in glacier area as a result of a different threshold (see legend) for the same subsample. The refer-
ence glacier area for each glacier is obtained with a threshold value of 1.9.
TM5 column shift
The correction of the ‘band-to-band misregistration’ (see 4.1.3) causes differences in glacier
classification with TM4 / TM5. This can be seen in Fig. 5.3 for the Nufenen test region by com-
bining both glacier maps with correction of the column shift (grey and red areas) and without
correction (grey and blue areas). Apart from the general shift of both maps (red pixels to the
right, blue to the left), there are some more changes: most of the additional red pixels are
snow fields and additional blue pixels correspond to regions in cast shadow or to water. Since
rejection of snow pixels outside of glaciers and a larger glacier area in regions with cast
shadow is welcome, the ‘band-to-band misregistration’ was not corrected.
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Figure 5.3: Glacier classification with TM4 / TM5 in the Nufenen test region with correction of the
‘band-to-band misregistration’ (grey and red areas) and without (grey and blue areas).
Resampling
The different methods of resampling during orthorectification (see Fig. 4.8) produces slightly
different glacier maps. In Fig. 5.4 two glacier maps are compared at a time for a part of the test
region ‘Weissmies’ (see Figure caption for used colours) and three resampling methods (cf.
4.2.1): nearest neighbour (NN), bilinear interpolation (BI) and cubic convolution (CC).
Since there are only small deviations between all of the methods, no quantitative measure-
ment of glacier areas is carried out. Visual inspection reveals that the number of red and blue
pixels along a glacier perimeter are similar and that the overall number of red and blue pixels
is somewhat smaller in Fig. 5.4b than in 5.4a or 5.4c. Thus, BI and CC produces rather similar
glacier maps, while there are some larger differences to nearest neighbour resampling.
Figure 5.4: Comparison of glacier maps from TM4 / TM5 and different resampling methods. Two gla-
cier maps are compared at a time (first method: grey and red, second: grey and blue). a) bilinear interpo-
lation (BI) with nearest neighbour (NN), b) cubic convolution (CC) with BI, and c) CC with NN.
a) b) c)
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Pixel size
In the SGI 2000, glacier areas derived from digitized glacier outlines (~2 m resolution) are
compared with TM-derived outlines (~ 25 m). Additionally, manually-derived glacier areas
from SPOT pan (10 m), IRS-1C (5 m) and Ikonos (1 m) are used for comparison. As glaciers are
natural objects, their dimension is fractal and their area or perimeter depends on the size of
the yardstick used (e.g., Cao and Lam, 1997; Woodcock and Strahler, 1987). Thus, it is impor-
tant to estimate the influence of spatial resolution on glacier areas (cf. Paul et al., in press) This
is done by scaling the digitized glacier outlines to the following simulated cell sizes: 5m, 10 m,
15 m, 20 m, 25 m, 30 m, and 60 m. The scaling is performed by vector-raster conversion using
the polygrid command from Arc/Info and the cell sizes mentioned above.
In Fig. 5.5 two glaciers are shown as seen with TM (25 m resolution, grey area) and other cell
sizes as colour-coded overlays (see legend). The black line indicates the original digitized out-
line. The glacier in Fig. 5.5a is 0.1 km2 in size and there are only small area differences for all
resolutions (ranging from 0.1002 to 0.1026 km2). This indicates that even large pixels can give
good results for area estimates of small glaciers, if mixed pixels cover the real glacier perime-
ter half in and half out. The glacier depicted in Fig. 5.5b is somewhat larger (0.3 km2) and
gives similar results.
Figure 5.5: Comparison of glacier outlines with different spatial resolutions (Mischabel test region).
a) A glacier with a size of 0.01 km2 and b) two glaciers with a size of 0.3 km2 (together).
In order to obtain a statistical measure for the change in glacier area due to sensor resolution,
about 100 glaciers in the Mischabel test region are investigated in detail. In Fig. 5.6a the rela-
tive differences in glacier area are plotted against glacier size for seven different resolutions.
Down to a glacier size of 0.05 km2, the relative change is below 3 to 5% (with the exception of
the 60 m pixels). For glaciers even smaller, the differences increase rather quickly. This can
also be seen in Fig. 5.6b, where the standard deviation (σ) of the area differences (compared to
the digitized areas) for seven area classes and all seven resolutions are given. Figure 5.6b
exhibits that glacier size should be greater than 0.1 km2 to keep σ below 3% if TM-derived gla-
cier areas are compared with the digitized inventory data. The use of real data instead of sim-
ulated pixel sizes will increase the deviations, due to mixed pixels and debris cover. Hence,
careful interpretation of area changes between higher-resolution and TM-derived areas for
glaciers smaller than 0.1 km2 is required (cf. Chapter 7). However, only standard deviation
will increase, and specific glaciers will show similar deviations in both directions.
= digitized outline
= 10 m pixel size
= 15 m pixel size
= 20 m pixel size
= 60 m pixel size
= 25 m pixel size
a) b)
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Figure 5.6: a) Relative differences in glacier area between the digitized inventory and 7 simulated
pixel sizes versus glacier area. b) Standard deviations of the area differences for the same data set (99
glaciers of the Mischabel test region) and 7 area classes (symbol location marks centre of each class).
5.2. Debris cover on glaciers
5.2.1. Background and previous studies
Characteristics of debris-covered glaciers
Debris is a typical feature at the surface of a glacier in the ablation area and is widely recog-
nized as the main obstacle to glacier mapping. Distribution and particle sizes are highly vari-
able, ranging from dust to house-sized blocks and from a rare occurrence to complete
coverage (cf. Fig. 2.5f). Very small particles (dust, soot) are usually distributed evenly over the
ablation area, but then enough ice shines through for classification (cf. Fig. 2.5b). The charac-
teristic decrease of surface reflectance of the bare ice facies (compared to snow, see Fig. 4.13b)
may be attributed to these particles (Hall et al., 1987; Williams et al., 1991). The larger sized till
(stones, rocks) is often arranged to medial moraines, which originate where two glacier basins
join. With the down-slope flow of a glacier the debris is transported to the terminus and
deposited in the glacier forefield. Further aspects of debris-covered glaciers (e.g., hydrology,
energy balance, supraglacial lakes) were discussed by Nakawo et al. (2000).
Glaciers with several accumulation basins and/or situated in steep topography commonly
have completely debris-covered tongues. The ‘Oberaletschgletscher’ tongue is shown for
example in Fig. 5.7a (synthetic oblique perspective view created from IRS-1C pan image (#13)
and the DEM25L2). If the fraction of debris cover exceeds a certain limit within a pixel, the
spectral signal is dominated by debris and the ice underneath cannot be detected by optical
sensors. Sometimes geophysical field investigations are required to detect buried glacier ice
(Haeberli and Epifani, 1986; Whalley and Martin, 1986). Hence, glaciers are mapped by TM4 /
TM5 without the debris-covered parts, resulting in difficult time-series analysis, as the part
with exposed debris cover depends on snow conditions which vary from year to year.
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Mapping of debris-covered glaciers
Bishop et al. (1995 and 1999) were able to characterize the debris cover itself by spectral classi-
fication, but they used pre-defined glacier outlines for their approach. Geomorphometric
DEM analysis was used by Kieffer et al. (2000) to obtain slope and curvature information for
section-wise delineation of a glacier tongue, while Bishop et al. (2000) used flow paths gener-
ated by hydrologic modelling from seed points and a V-shaped operator. As flow lines from
the left and right lateral moraines converge at the glacier snout, these flow lines resemble the
glacier perimeter very closely. The DEMs used were derived photogrammetrically from SPOT
pan stereo imagery of a test region in the Himalayas. Both methods require intense user inter-
action from experts, and the task of deriving the glacier areas involved from the generated
outlines is not a trivial one. Another method proposed by Lougeay (1974), utilizes the lower
emissivity in the thermal infrared from debris cover with ice underneath. Taschner and Ranzi
(2002) indeed found a lower emissivity with TM6, at least for partly debris-covered ice.
Based on the observation that debris-covered glacier tongues are rather flat, transects of slope
values are generated for several glaciers. A typical example for ‘Oberaletschgletscher’ (Fig.
5.7a) is presented in Fig. 5.7b. This Figure shows profiles of all slope values for the lower 2 km
of the glacier tongue, sampled at 30 equidistant transects perpendicular to the flow direction.
Slope values below 20° are indicative of the debris-covered glacier tongue. For other glaciers
tested, slope values are at least below 25° and the selected 24° threshold (see below) is valid
only for this sample, but a good starting point nevertheless. For mapping of debris-covered
areas, the slope facet is combined with the glacier map and a map of vegetation-free areas.
Figure 5.7: a) Synthetic oblique perspective view of ‘Oberaletschgletscher’ for comparison with Fig.
5.8-5.10 (IRS-1C image draped over the DEM25L2). b) Slope profiles from 30 transects perpendicular
to the flow direction sampled at the lower 2 km of the glacier tongue. DEM25 © swisstopo.
5.2.2. The debris-cover mapping algorithm
Individual steps for debris-cover mapping with this combined method are illustrated in Fig.
5.8 to 5.10 for a subset of the Aletsch test region. The processing flow is drawn schematically
in Fig. 5.12 (see App. 2.1-2 and 2.3-1 for the EASI and Fortran script). The steps are as follows:
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(1) The TM4 / TM5 ratio image (Fig. 5.8a) is segmented into a binary glacier map (Fig. 5.8b)
with a threshold value of 2.0 into the classes ‘glacier’ (black) and ‘other’ (white).
(2) The hue-component of the IHS-colour-space transformation from TM bands 3, 4 and 5
(Fig. 5.8c) is used to map the vegetation-free areas. In Fig. 5.8d a threshold value of 126 is used
to map vegetated areas (white), and vegetation free areas (black). The vegetation free zones
are also combined with the glacier map to reduce misclassification in regions with vegetation.
In pseudo code the glacier classification is (pix=0 means ‘glacier’):
IF ((TM4/TM5)>2.0) AND (hue345>126) THEN pix=0 else pix=255.
(3) Slope is calculated from the DEM25L2 (Fig. 5.8e) and all slope values less than 24° are
assigned to be possibly debris covered. In Fig. 5.8f this slope facet is depicted in black, while
all slope angles > 24° are white.
(4) The overlay of all three black and white maps is presented in Fig. 5.9a. The legend for the
different grey shades is given in Table 5.1 (coloured version in App. 3.2-6). The class ‘debris’ is
produced from the pseudo code (pix=255 means ‘no glacier’, pix=127 means ‘debris’):
IF (pix=255) AND (hue345>126) AND (slope>24) THEN pix=127.
In order to reduce wrong classification and remove speckles, a 3 by 3 median filter is applied
afterwards. The result is shown in Fig. 5.9b (‘glacier’ = black, ‘debris’ = grey), depicting also
areas with ‘debris’ that are not connected with a glacier (in light grey). These areas are
removed in the next step using the ‘image polygon growing’ (IPG) module from PCI.
Figure 5.8: Illustration of the debris-cover mapping algorithm. a) TM4 / TM5 ratio image, b) glacier
map after thresholding, c) hue-component from IHS-colour-space transformation, d) map of vegetation
free areas (black), e) slope as derived from the DEM25L2 and f) slope angles less than 24° (black).
a) c)
d)b)
e)
f)
DEM25 © swisstopo
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Figure 5.9: a) Overlay of glacier, vegetation and slope map (Fig. 5.8b, d and f, see table 5.1 for grey
shades). b) The resulting classes glacier (black) and debris (grey) with isolated debris areas in light grey.
(5) With IPG all areas connected to the class ‘glacier’ (grey level 0) or ‘debris’ (127) are
assigned to an individual number (ID). These numbers are written to a text file for each pixel
together with the data from the classified glacier map and read by a Fortran program, which
seeks debris IDs without corresponding glacier IDs (App. 2.3-1). In this way each isolated
‘debris’ region was removed from the map. The general improvements are evident from Fig.
5.9b but some artefacts still remain, namely two errors with respect to the slope: (1) slope
exceeds 24° (steep glacier snouts, local DEM artefacts and thin debris cover on steeper glacier
parts) and (2) slope is less than 24° (forefield debris is connected to a glacier). While for (1)
manual corrections have to be applied, the errors of (2) can be reduced by multi-temporal
change detection analysis.
If glacier fluctuations are greater than a few TM pixels, this change can be used for an update
of the glacier outline and a separation from the connected forefield ‘debris’. For the multi-
temporal analysis the raw data from TM5 of 1998 are subtracted from 1985 (Fig. 5.10a). TM5 is
used because shadows are as black as glaciers and differences due to changed illumination
conditions are less visible. The difference between the two scenes is superior to the ratio, since
small differences in digital numbers over glaciers are less pronounced. A black seam is visible
in Fig. 5.10a where a change from ‘dark’ glacier pixels to ‘bright’ debris pixels took place. This
map is reduced to a binary map by segmentation (Fig. 5.10b) and combined with Fig. 5.9b to
indicate regions where glacier change took place. Manual editing by changing colours to
‘background’ is applied at this final stage. Complete manual delineation of debris-covered
glaciers also profits from the automatic pre-processing, as visual inspection can be quite diffi-
cult.
white light grey grey dark grey very dark grey black
slope < 23° ? - x - x - x
vegetation ? x x - - - -
glacier ? - - - - x x
classification other debris glacier
Table 5.1: Colour scheme used for Fig. 5.9a (’-’ = no, ‘x’ = yes) and final classification.
a) b)
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Figure 5.10: Multi-temporal analysis: a) TM5 (1985) -TM5 (1998) after contrast stretching. Regions
which are subject to change appear in black or white. b) After segmentation most of the black pixels
indicate change due to glacier fluctuations.
5.2.3. Accuracy of the method
The integration of DEM data and multi-temporal change detection analysis requires accurate
orthorectification of the satellite images. Apart from that, DEM artefacts and the time of DEM
acquisition has to be taken into account. Manual corrections are required for most glaciers
without movement (less than one pixel) and flat glacier forefields.
A comparison with manually-delineated glacier outlines is not carried out, since manual cor-
rections are also applied to the automatically-classified debris-cover map. However, in Fig.
5.11 an overlay with an independent vector data set from 1993 is shown (provided by Swiss-
topo). Glacier outlines are depicted in black and ‘debris on glaciers’ outlines in red. The
arrows indicate regions where: (a) slope exceeds 24°, (b) glacier recession since 1993 occurs,
and (c) misclassification with TM4 / TM5 for steep glaciers in cast shadow took place.
In all of these cases manual inspection can be used to correct the errors. A TM543 composite
combined with the automatically-derived glacier areas (overlay) is used for this, using the
public domain software tool XPAINT. The outline polygons are just ‘filled’ with the ‘debris
colour’ after removal of the background image. Comparison with the digitized 1973 glacier
outlines exhibits few cases (glaciers without movement and invisible margin) where even the
combined method fails. Such glaciers (about 10) are excluded from further analysis. In App.
3.2-7 the comparison is shown for the entire test region Aletsch.
For a part of the same region, a DEM is derived from ASTER stereo data. The method dis-
cussed above is also applied to this ASTER DEM and compared with results derived from the
DEM25L2 (see App. 3.2-7). A first assessment reveals encouraging results, but DEM artefacts
enlarge the number of erroneously-classified regions with debris-cover, especially in rather
steep topography. A more detailed analysis of ASTER-derived DEMs was given by Kääb
(2002).
a) b)
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Figure 5.11: Comparison of the classified and corrected image (light grey = ‘glacier’, dark grey =
‘debris’) with outlines from the Vector25 data set as an overlay (black = ‘glacier’, red = ‘debris on gla-
ciers’). Arrows indicate differences that are discussed in the text.
The workflow for debris-cover mapping as given in Fig. 5.12 is described in detail in Chapter
5.2.2. The first row in the Figure displays the input data (TM bands or DEM) required for cal-
culation of the parameters of the second row (calculation). The NDVI is added as an alterna-
tive to the hue component (from TM bands 3, 4 and 5). The third row gives the threshold
parameter used for classification of ice (from hue > 126 and TM4 / TM5 ratio > 2.0) and debris
(hue > 126, TM4 / TM5 ratio < 2.0 and slope < 24°). The median filter is applied to the glacier
/ debris map and isolated debris regions are detected from the image polygon growing (IPG)
command in PCI in combination with a Fortran program (cf. App. 2.3-1). Finally, the multi-
temporal change map from TM5 is used to dissect debris in glacier forefields or adjust the
DEM-derived outline to its present location (if the glacier has moved).
Figure 5.12: Work flow for mapping of debris-covered glaciers in a schematic form.
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5.3. Mapping of snow cover on glaciers
5.3.1. Background and previous studies
Knowledge of the spatial distribution of snow cover is important at various levels of scale. On
a global scale, the snow-albedo feedback strongly influences the earth’s radiation budget.
Numerical weather forecasts can be improved if hemispheric snow extent is known (Murphy,
1993). Thus, space-borne remote sensing is a primary tool to obtain hemispheric snow cover
by means of multi-spectral classification. In particular, the daily images of the polar-orbiting
NOAA satellites (about 1 km spatial resolution) were used to derive snow cover maps on an
operational base (e.g., Voigt et al., 1999). Today the MODerate Imaging Spectro-radiometer
(MODIS) on board Terra is also used for operational hemispheric snow cover mapping. With
its high spectral (36 bands) and spatial resolution (up to 250 m) accurate snow cover maps
were provided on a 2-day basis (NOAA, 2002). The algorithm uses the NDSI in combination
with the NDVI to improve classification in areas with vegetation (Hall et al., 1995b).
On a regional scale, the snow-covered area (SCA) is the primary input parameter for hydro-
logic modelling (e.g., Martinec, 1975). In the Alps, prediction of snowmelt runoff plays an
important role in calculation of river discharge (flood waves) or hydro-power production. In
drier parts of the world (e.g., India, USA), the water from springtime snowmelt is also used
for agriculture. As a consequence, sophisticated models have been developed to map SCA
with high precision from Landsat TM (Rosenthal and Dozier, 1996; Schaper et al., 1999).
On a local scale, snow cover influences a glacier’s mass balance. Although for Alpine glaciers
winter snow accumulation is of a less importance for mass balance than summer temperature,
summer snowfall is able to reduce glacier melt considerably due to the increase in albedo
(e.g., Fliri, 1964). The mass balance can roughly be estimated from the AAR at the end of the
ablation season (cf. 2.1.3). Differences in spectral reflectance between ice and snow (cf. Fig.
4.13b) allow their discernment in satellite imagery. This has been used for AAR calculation
from the beginning of Landsat imagery, using the 80 m resolution MSS data (Østrem, 1975;
Rott, 1976). More recently (and with TM) glacier facies have been separated by their spectral
reflectance (Hall et al., 1988; Williams et al., 1991) and many field studies have been con-
ducted to validate reflectance data from Landsat TM (Hall et al., 1989b and 1990; Koeljemeier
et al., 1993; Knap et al., 1999). The non-Lambertian reflectance of snow at different viewing
angles (forward scattering) in particular had caused deviations from measured values.
The NDSI has proven to be very efficient in snow cover mapping from MODIS and with TM
(Dozier, 1989). Unfortunately, this method is not able to distinguish between snow and ice.
The TM4 / TM5 ratio image method was originally developed to enhance the contrast
between snow and ice on glaciers (Hall et al., 1987). In the SGI 2000, the method is used to
map glaciers instead. Snow classification based on reflectance values has to use a high-preci-
sion DEM in the steep topography of the Alps, as a strong bias in illumination is caused by
the varying local incidence angle of the sun. Moreover, sun-lit glacier ice may have nearly the
same reflectance as snow in shadow, and inadequate DEMs (artefacts) cause additional noise.
The high-precision snow cover mapping method used by Schaper et al. (1999) is too complex
for application within the SGI 2000. Using PCA under a glacier mask, as proposed by Sidjak
and Wheate (1999), seems to generate non-reproducable results, as principal components may
change with image content (i.e., lakes, clouds, vegetation, etc.). Manual delineation of SCA is
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highly accurate (Rott, 1976; Rott and Markl, 1989), but very laborious for a large number of
glaciers. Thus, a simple, fast and robust method for mapping of snow on glaciers in steep
topography without using DEM information does not exist today.
5.3.2. Mapping of snow in the SGI 2000
An approach for snow cover mapping without using a DEM is presented in Fig. 5.13 for a
sub-region around Rhoneglacier (R). Spectral differences between snow and ice are enhanced
by multiplication of TM2 with TM3 (Fig. 5.13a), where snow has highest reflectance (cf. Fig.
4.13a). In this enhanced image sun-lit snow is much brighter than ice and can be classified by
a certain threshold (depicted yellow in Fig. 5.13c). Since snow in shadow is much brighter in
TM1 than all other surfaces in shadow (Dozier, 1989), snow has a characteristic bluish colour
in TM321 composites. In order to utilize this for snow mapping, a ratio image from TM1 /
TM2 (Fig. 5.13b) is used with a threshold around 3 to map snow in shadow (red in Fig. 5.13c).
In Fig. 5.13d the region is displayed in a TM321 composite image for comparison.
Figure 5.13: Snow cover mapping with a) a TM2 * TM3 image (sunlight) and b) a TM1 / TM2 image
(shadow) reveals c) snow in sunlight (yellow) and shadow (red), d) shows TM321 for comparison. The
region is 9.2 by 8.5 km in size and shows Rhoneglacier (R) and Dammaglacier (D).
a) b)
c) d)
D
R
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Both methods are applied only within regions classified as glacier. While most of the fine spa-
tial snow details are mapped, regions tilted away from the sun are completely missed. The
regions in shadow are only small in this example, but may be larger elsewhere (see Fig. 5.15a).
It must be noted that even manual delineation is sometimes not able to distinguish between
snow and ice (e.g., Dammaglacier, ‘D’ in Fig. 5.13d). For these regions the method proposed
here is at least consistent. For calculation of AAR statistics, only glaciers with an appropriate
snow classification should be considered.
As mentioned previously, the major problem of glacier classification is to find satellite scenes
without snowfields connected to glaciers. While Internet-based analysis of quicklooks from
FCCs gives some hints on snow conditions, the quicklooks are too small for a clear decision in
doubtful cases. Moreover, distribution of snow at the end of the ablation season (or at the time
of the best available image) can exhibit a strong spatial heterogeneity, as its amount is influ-
enced by the prevailing wind direction during winter. As a consequence, two TM scenes from
Sep 1999 (#3 and #5) were hampered by bad conditions to the north of the rivers Rhine and
Inn, but have much better (Rheinwald) to even favourable (Upper Engadin) conditions for
glacier classification to the south of both rivers (see example in App. 3.2-2).
In order to remove snowfields outside of glaciers which are only present in a single year, two
methods are applied. For Landsat path 193 the three classified scenes from 1999, 1992 and
1985 were used to form a RGB composite. In this composite the 1999 extra snow has a distinct
colour (cyan) and can be removed from the 1999 map (Fig. 5.14). This method was firstly
tested in a part of the southern Tyrolean Alps (Paul, 2002b) and applied here to another part
of the same TM scenes. For path 194 only two scenes from 1985 and 1999 are available. Iso-
lated snow patches in 1999 (not connected to 1985 snow/ice) are removed with the same
method as used for the isolated debris areas (see 5.2.2). However, many glaciers have to be
excluded from further analysis, as snow cover hides larger parts of the glacier perimeter.
Figure 5.14: Classifying snow patches in the 1999 scene (cyan) by multi-temporal overlay of glacier
maps (1999, 1992 and 1985 as RGB) in a region to the southwest of the Silvretta group (cf. App. 3.2-2).
Yellow is changed to orange for better visibility. See text for discussion.
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In the case of summer snowfall, the snow will melt away on glacier-free terrain rather quickly,
while new snow persists much longer on glaciers. Due to the ‘whitening’ effect of the snow
the visibility of the TSL can be very bad. Moreover, nine days of snowmelt can change bad
into good glacier classification conditions, for example in the Bernina group from 21 to 30 Sep
1985 (cf. App. 3.2-3). During that period classification conditions were favourable in the
south-eastern part of the Austrian Alps (Carinthia), as the ‘photo glacier inventory’ from Lang
and Lieb (1993) clearly demonstrates, but became more difficult to the west.
5.3.3. Accuracy of snow-cover maps
The method described above is not able to map snow covered areas tilted away from the
direction of solar illumination. Snow areas facing towards the sun are somewhat too large.
The ‘snow in shadow’ method often maps the entire region in cast shadow and also crevassed
areas. While the former are restricted to the glacier perimeter by the glacier map, there is no
real correction for the latter. A median filter may remove these erroneous pixels, but all fine
spatial details (characteristic for snow-cover) are also removed. An illumination dependent
threshold may improve classification of sun-lit snow, but incorporation of a DEM is necessary.
Two more examples of snow classification are given in Fig. 5.15, showing the upper part of
‘Grosser Aletschgletscher’ to the left and the Keesjen- / Kaltwasserglacier to the right.
Figure 5.15: Top row: Snow classification (see Fig. 5.13c for colours) for ‘Grosser Aletschgletscher’
(left) and Keesjen- / Kaltwasserglacier (right). Bottom row: RGB-composites for comparison.
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5.4. General assessment of accuracy
5.4.1. Comparison with higher resolution data
The accuracy of the TM-derived glacier outlines is assessed by means of a comparison with
manually-derived outlines from higher-resolution satellite imagery (pan bands from SPOT: 10
m, IRS-1C: 5 m and Ikonos: 1 m). In order to obtain useful results, snow conditions should be
similar in both images. Interpretation of pan bands from SPOT and IRS-1C is enhanced by
IHS fusion with TM bands 1, 2 and 3. In the case of debris-covered glaciers, the two outlines
obtained are not independent, as the manually-derived outline needs to be adjusted to the
TM-derived outline. Otherwise comparison between the two data sets is not possible.
SPOT
TM scene #8 (15 Sep 1992) and SPOT scene #11 (17 Sep 1992) are used for this comparison.
Both scenes share a small strip from which a test region to the south of the ‘Nufenenpass’ is
selected, including the Gries (G), Hohsand (H), Cavagnoli (C) and Basòdino (B) glaciers
which are depicted in Fig. 5.16. For 28 glaciers in this area, outlines were derived manually
from SPOT (blue in Fig. 5.16) and automatically from TM (red).
Figure 5.16: Overlay of outlines digitized manually from SPOT (blue) and automatically from TM
(red) on a fused SPOT pan / TM image as background. a) Showing Gries (G) and Hohsand glacier (H)
and b) with Cavagnoli (C) and Basòdino glacier (B). SPOT data: © SPOTIMAGE.
a) b)
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On average, the areas derived manually from SPOT are 1.7% smaller compared to those
derived form TM (σ = 8.4%). As the value for σ is larger than obtained from the theoretical
assessment (comparing 10 m and 25 m resolution), the deviation cannot be the result of the
differing image scales. Moreover, the error is not from TM either, since area difference does
not depend on glacier size (r=-0.03). Thus, the manual glacier delineation must be responsible
for the differences, in particular the false interpretation of snow fields and rock outcrops.
IRS-1C
A subset (Mischabel test region) of IRS-1C scene #14 (20 Sep 1997) with 5m spatial resolution
is resampled to 10 m and fused with the same subset from TM scene #10 (31 Aug 1998). Man-
ual glacier delineation is performed for about 30 glaciers. In Fig. 5.17 the overlay of glacier
outlines (yellow: manually derived, red: obtained automatically from TM, black: from the dig-
itized inventory of 1973) is shown for the tongue of the ‘Findelengletscher’ and some small
glaciers facing north. The fused image is used as background in Fig. 5.17a and a TM 543 com-
posite in Fig. 5.17b. Debris-covered glacier areas are not mapped with TM (white arrow), but
manual glacier delineation is problematic as well, because correct interpretation of rock out-
crops is difficult (black arrow). Since there was also some glacier retreat between 1997 and
1998 (in other regions), a quantitative error assessment is not carried out.
Figure 5.17: Overlay of glacier outlines covering the lower part of the ‘Findelengletscher’ (Mischabel
test region) from the digitized inventory in 1973 (black), from IRS-1C in 1997 (yellow) and from TM
in 1998 (red). The fused TM / IRS-1C image is used as background in a) and a TM543 composite image
is the background for b). The arrows indicate larger differences.
Ikonos
Most of the glaciers in the Ikonos scene from 17 Sep 2000 (#16) cannot be used for outline
delineation, because snowfields hide the glacier perimeter. At least six small glaciers within
the scene are selected for manual delineation. The glacier in Fig. 5.18 is 0.23km2 in size and is
shown together with the outlines from the digitized glacier inventory of 1973 in white, manu-
ally-derived outlines from Ikonos in blue and automatically-derived outlines from TM scene
#10 in yellow. From Fig. 5.18a (overlay with Ikonos), it is obvious that debris-covered glacier
areas were not (or only partly) mapped with TM (white arrows), which is also confirmed in
Fig. 5.18b (overlay with TM543 composite) showing some bluish pixels outside the mapped
perimeter. Apart from that, the overall correspondence with the Ikonos outline is satisfactory.
a) b)
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Figure 5.18: Overlay of outlines from the digitized glacier inventory from 1973 (white), from Ikonos
(blue) and from TM (yellow). a) The Ikonos image as background, and b) a TM 5, 4 and 3 (as RGB)
composite image as background. Ikonos data: © SpaceImaging Europe / NPOC.
Area values for the six selected glaciers are listed in Table 5.2 together with the relative differ-
ences in area. The average difference for the uncorrected outlines is -3.7% but with a standard
deviation of 10.7%. This indicates again underestimation of TM-derived areas if no correction
for debris-covered regions is applied. The outline comparisons for glaciers #2 and #3 are
shown in App. 3.2-7.
5.4.2. Summary of error sources
Snowfields and cast shadow
Snow fields adjacent to glaciers can hide the real glacier perimeter and will lead to large errors
in glacier size. Such areas are removed by the glacier basin vector layer (see 6.3.2) if they are
obvious (interactive adjustments) or glaciers are not considered if the separation is unclear.
Snowfields outside of glaciers can be reduced by multi-temporal analysis (using sequential
images) if they are large enough or by the median filter if they are small. Rock outcrops in cast
shadow are wrongly mapped as glacier if they are surrounded by a large amount of pure
snow (adjacent illumination). Corrections are applied from the digitized 1973 glacier outlines,
which are transferred to the glacier basin vector layer. Only very pure glacier ice or snow is
mapped correctly as glacier if located in cast shadow. The threshold for the ratio image is
most sensitive in these areas. If visual inspection reveals wrong outlines, these glaciers are not
considered for statistical analysis.
Glacier 1 2 3 4 5 6
Size 1998 TM [km2] 0.235 0.842 0.379 0.106 0.229 0.103
Size 2000 Ikonos [km2] 0.231 0.885 0.334 0.087 0.207 0.112
Size difference [%] -1.7 +4.9 -11.8 -17.9 -9.6 +13.8
Table 5.2: Comparison between glacier areas derived from Ikonos and from TM.
a) b)
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Debris-cover
Debris cover on a glacier is by far the largest error source. After manual editing of the semi-
automatically-derived debris-covered regions improved glacier outlines result. Additional
manual editing will reveal even higher accuracy. However, for smaller glaciers some pixels
within the glacier perimeter might not be included and the derived glacier areas are some-
what too small. The change in area due to wrongly-classified perimeter pixels (in the ablation
area), may reach 5% of the total area with values increasing as the glaciers get smaller.
Threshold and median filter
The threshold value used for glacier classification is quite robust, apart from glacier areas in
cast shadow. Selection of the threshold parameter should be performed interactively to obtain
best results. The relative change of glacier size due to the median filter is small (below 1%) if
glaciers are larger than 0.1 km2. For smaller glaciers the relative change can be much larger,
but in such cases glaciers can be excluded from statistical analysis. Since the filter considera-
bly reduces misclassification (noise), it is applied to all glacier maps after classification.
Column shift and resampling
The TM5 ‘band-to-band misregistration’ is not corrected, as most small snowfields outside of
glaciers are removed due to the shift. Glacier classification in cast shadow is somewhat more
incorrect, but in severe cases glaciers are rejected. The resampling method used (prior to clas-
sification) influences mostly perimeter pixels and visual inspection reveals no superior
method. Hence, cubic convolution is used as a compromise.
Pixel size
The synthetically-scaled glacier outlines (to larger pixel sizes) indicate little change in glacier
area for pixels between 5 and 30 m on one side, unless glaciers smaller than 0.1 km2 are com-
pared. This enables accuracy comparisons with higher-resolution satellite data, as well as
comparisons of TM-derived glacier areas with the digitized inventory data.
Accuracy in total
The accuracy of the TM-derived areas for individual glaciers or glaciers of a larger sample is
difficult to estimate, since errors depend on glacier size and are rather random for glaciers
with manually edited debris cover. As a rule of thumb, the accuracy of the derived areas for
individual glaciers is estimated to be better than 5% for clean ice and glaciers larger than 0.1
km2, and better than 10% for debris-covered or glaciers at least larger than 0.02 km2 (about 30
TM-pixels). For a large sample of glaciers (more than 100) the accuracy of the derived total
area should be better, as individual positive and negative deviations are summarized.
Depending on the sample used (number of glaciers in total and per area class), the relative
accuracy should be better than 3%.
The New Swiss Glacier Inventory 2000 - Application of Remote Sensing and GIS PhD thesis Frank Paul
6. GIS
6.1. Introduction
6.1.1. GIS definition and basic terms
The use of Geographic Information Systems (GIS) for spatial data handling has intensified
strongly during the past decade, mainly due to increased speed and memory of computers.
The GIS applications used for the SGI 2000 are covered in the books by Burrough and McDon-
nell (1998), Jones (1997) and Longley et al. (1998). The definitions of the term GIS are mani-
fold, one was given by Walsh et al. (1998): “A GIS is capable of data capture, storage,
management, retrieval, analysis and display.” It integrates spatial and thematic data by
means of geocoded data layers and associated information stored in attribute tables.
The source of each data layer can be a digitized map of
a distinct theme or a classified image (e.g., from a satel-
lite) or a scanned map (e.g., from a field survey), both
of a specific theme. While the latter two denote infor-
mation storage in raster format (on a cell by cell basis)
with a constant grid spacing (or sample lag), the former
contains only the boundary of a specific entity in vector
format (cf. Fig. 6.1). While the vector format has prefer-
ences in storing discrete items (their boundaries), the
raster format is better for storing continuous fields,
such as elevation values of a DEM.
Figure 6.1: Representation of real world objects in the vec-
tor and raster domain (from UniAZ, 2002).
6.1.2. The GIS Arc/Info
While the information about the discrete x/y position of each point (vertex) of a vector ele-
ment (arc) is stored in a special database that is not directly accessible for the user, the
attribute information of each element (i.e., point, line, polygon) is available and can be manip-
ulated. Within Arc/Info each polygon, for instance, has its area and perimeter, as well as an
internal (unique) and user definable identification number (ID) stored in a polygon attribute
table (pat). Manipulations of the pat include the extension to other fields (items) by spatial
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combination (e.g. intersect) with another vector layer (coverage) holding different pat entries or
the inclusion of external tables by a link to a specified item of the pat (e.g., the ID), which is
common to both tables (joinitem). To attain full data complaisance, raster-vector conversion
(and vice versa) is possible within most GIS. Queries and selections of special values of one or
more items from the pat allows retrieval of additional information to specific questions.
Hence, a GIS can be used not only as a visualization tool; the attractive display of all data is of
course also possible. Table 6.1 summarizes some naming conventions of Arc/Info.
Arc/Info program modules
The modules used are listed together below, followed by a short description:
• Arc/Info: Hybrid system with the components Arc to run coverage specific commands and
all other modules and the database Info, which manages all spatial information (vertex
coordinates and topology) and the entries of the attribute tables.
• AML (Arc Macro Language): Allows the storage of individual commands in a script, with
access to all modules, to the system level (running UNIX commands or other programs)
and the attribute tables. It is also possible to run loops to process many coverages with the
same commands in one script.
• arcedit: For creation, display and editing of coverages (digitizing, overlay, error correction).
• arcplot: Creation and visualization of maps from various sources in 3D perspective views.
• grid: Module for processing of raster data, which have to be in grid-format.
• tables: Interface for export of data from attribute tables to columnar ASCII files.
• ArcView: additional ESRI software package used for visualization of spatial data (overlay
of vector and raster data). Allows also database queries on attribute table items and their
visualization as well as digitizing and spatial modelling.
Description of mainly-used commands
Vector - raster data conversion is performed with:
- asciigrid: creation of grids from data tables (e.g., DEM elevations), requires a special
header for geolocation;
- imagegrid/gridimage: conversion of image data (tif-format) to grid format and vice
versa, assigns a grid-code and needs a ‘tfw’ (tif world) file for geolocation;
- gridpoly/polygrid: uses the perimeter of all entities to assemble polygons, the grid-code is
transferred to the pat, for later selection according to its value.
Fusion of polygon coverages with other coverages comprised of polygons, lines or points:
- intersect: the intersect coverage must have polygon topology, the other can consist of:
- polygons (e.g., glacier outlines intersected with ice divides);
- lines (e.g., cutting central flow lines with glacier boundaries of a distinct year);
- points (e.g., assigning WGI-codes or other items to individual glaciers).
Theme satellite imagery glacier boundaries label-coordinates
Source TIF - file digitizing ASCII table
Type raster vector vector
Arc/Info grid or lattice polygon coverage point coverage
Table 6.1: Overview of data types, sources and naming conventions in Arc/Info.
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Calculation of statistic parameters for specific zones (glaciers) according to a value grid:
- zonalstats: gives minimum, maximum, range, mean, median, standard deviation (σ),
and some other for each zone of the zonal grid from the underlying value grid.
Landscape visualization in perspective views (draping raster or vector data over a DEM):
- surfacedrape: Besides other parameters, observers position, viewing direction and field
of view can be selected. The resolution of the satellite image determines the resolution
of the final view, independent of the DEM resolution.
Other commands:
- reselect: creating new coverages according to distinct selections from the attribute table;
- joinitem: used to append attribute tables of one coverage to another coverage, according
to an item which is present in both data sets.
6.2. The digitized Swiss glacier invento-
ries of 1850 and 1973
6.2.1. Previous work
The last Swiss glacier inventory was compiled from aerial photography taken in Sep 1973
(Müller et al., 1976). The interpretation of the photos was carried out by stereo-photogramme-
try and the glacier boundaries were transferred to topographic maps at a scale of 1:25000.
These boundaries are shown in Fig. 6.3a (black lines), together with the transient snow line
(TSL) in red for part of the Weissmies test region. In September 1973 favourable conditions for
glacier mapping were present (only few snowfields connected to glaciers), allowing precise
determination of the glacier perimeter without obscuring snow cover. The delineation of the
TSL was much more difficult, because the TSL was situated in the accumulation area of the
glaciers, also showing firn from previous years with a similar albedo (Gross et al., 1976). How-
ever, the elevation of the TSL is listed in the inventory of 1973 for most glaciers, since its value
quite closely resembles the ELA in that year (Müller et al., 1976).
A homogenous reconstruction of glacier outlines in 1850 was carried out by Maisch (1992) for
glaciers of Grisons and surrounding mountains. Maisch used the ‘Siegfried map‘ series show-
ing glacier extent around 1850 and special field surveys to deduce the former glacier extent
from ancient moraine ridges and other evidence. The reconstructed outlines available from
about 1850 were transferred to transparent paper (black in Fig. 6.3b), together with the out-
lines from 1973 (blue) and additional data. Glacier parameters were obtained from analogue
techniques such as planimetry.
In a first attempt at transforming glacier outlines to GIS-based vector layers, Benz (1995) digi-
tized 1973 outlines for a certain part of southwest Switzerland. Later, the data set was
extended by Wipf (1999) to all glaciers north of the Rhone River. Both authors also digitized
reconstructed glacier outlines from 1850, the corresponding elevation contour-lines of 1850
and 1973, and the central flow lines for each glacier. They calculated numerous 3D glacier
parameters automatically by means of AML programs from their input data sets.
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Figure 6.2: a) Glacier inventory map for a part of the Weissmies test area, showing 1973 glacier out-
lines (black) and TSL (red), grid spacing is 1 km. Base map 1309 © swisstopo. b) Reconstructed glacier
outlines from 1850 (black), 1973 (blue) and 100 m elevation contours (red) on tracing vellum.
The work of Benz (1995) and Wipf (1999) was extended to all Swiss glaciers within the Swiss
national science foundation project NFP31 and published by Maisch et al. (2000). This work
also includes a reassessment of the inventory from Müller et al. (1976), an extended morpho-
logical classification scheme for all glaciers and their retreat characteristics, and a thorough
statistical analysis of all data, their interdependencies and spatial distribution. Scenarios of
future glacier development based on given climate-scenarios are also included.
The reassessment of Maisch et al. (2000) encountered problems for groups of glaciers (mostly
very small) with a single ID and a summarized area in the 1973 inventory of Müller et al.
(1976). Moreover, glaciers that split up between 1850 and 1973 or vanished until then have to
be considered individually. As a consequence, new glacier IDs were formed, glaciers were
sorted into individual, total or part of a glacier, and special selections were made to account
for data availability. For instance, it was not possible to reconstruct the 1850 glacier outline for
each glacier of the 1973 inventory, hence the area change between 1850 and 1973 was calcu-
lated for 1640 glaciers only (from total 2244).
Glacier inventory data was also compiled for many other parts of the world from aerial pho-
tography during the 1970s and 1980s, but digital glacier outlines are not reported (IAHS,
1989). The new Austrian glacier inventory will provide such digital outlines as well as
updated glacier elevation contour lines for the creation of new DEMs. Comparison with
DEMs derived from 1969 contour lines will reveal glacier volume changes during the last 30
years (Würländer and Eder, 1998; Würländer and Kuhn, 2000). Useful rules for digitizing of
glaciers and a general discussion of a database structure related to glacier change studies
were provided by Mennis and Fountain (2001) and also for the GLIMS project (GLIMS, 2002).
a) b)
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6.2.2. Digitizing of glacier outlines
The inventories by Müller et al. (1976) and Maisch (1992) contain an appendix with black and
white illustrations of the spatial extent of each larger glacier at a scale of approx. 1:150000
(including ice divides between connected glaciers), but the maps are available only in printed
form and it is very difficult to follow glacier changes since 1973. In order to visualize and
measure ongoing glacier changes more efficiently, all glacier outlines (1850, 1973 and central
flow lines) are digitized, serving now as a digital base map for ice-divides and comparisons
with former and future (satellite-derived) glacier geometries. The digital inventories by Benz
(1995) and Wipf (1999) are used as a starting point and their digitizing rules are continued,
apart from elevation contour-lines.
In short, the procedure is as follows:
• Geocoding of the 1:25000 map with the 1973 glacier outlines until the RMSE is below 5 m.
• Running an AML script with all settings (minimum vertex distance, tolerances, snap dis-
tance, name of coverage, etc.).
• Digitizing of glacier outlines: start/end with a node for each arc and a node at each point
where an arc starts/ends that is shared by another glacier.
• Super-position of the tracing vellum (cf. Fig. 6.2b) with 1850 glacier extent and digitizing
of outlines and flow lines.
• Saving and copying all vector layers and editing of node errors (open ends).
The general digitizing rules are:
- the entire map should be digitized in a single session, each glacier in a single pass;
- all boundaries from nunataks and each glacier with a label on the map is digitized;
- no generalization is done at this stage;
- no preferred direction for circulating the glacier outline;
- in the case of ambiguities (groups of glaciers, outline), digitizing is performed according
to the glacier outlines on the tracing vellum;
- digitizing of glacier outlines at map borders (open ends) are completed with a node;
- central flow lines are crossed with their 1850 outlines, additional 1973 flow lines are dig-
itized in the case of a changed geometry or a splitting of a glacier.
Digitized glacier outlines and central flow lines are displayed in Fig. 6.3 for the Mischabel test
region. Digitizing of the glacier outlines from 1850 (blue in Fig. 6.3) is only done for regions
outside the 1973 extent. The 1850 outlines are combined with the 1973 outline (black in
Fig.6.3) to create an intersection. For larger glaciers, outlines from 1850 and 1973 can run in
parallel along the glacier for a longer distance and come in contact many times. After intersec-
tion of the 1850 outline with the 1973 polygons, a large number of ‘sliver polygons’ can result
and careful inspection has to reveal the original outline. In addition a smaller perimeter of
island polygons (rock outcrops) in 1850 requires accurate control. Central flow lines from 1850
and 1973 are depicted in red in Fig. 6.3. The digitized 1850 and 1973 glacier outlines for the
entire perimeter of Switzerland are shown in two parts in App. 3.2-12 and 3.2-13.
Before creating topology (defining the neighbourhood relations of each glacier polygon), all
node errors have to be removed. This is performed with build, because clean has a tendency to
generalize arcs. All node errors can be visualized on screen using editfeature (ef) node errors
in arcedit. The correction process includes connection of adjacent nodes at map boundaries or
as a result of undershoots (starting node has not snapped automatically to the ending node of
an arc) using ef node and move, and of overshoots (resulting in an intersection with an arc)
using ef arc, sel many and delete.
88 6. GIS
The New Swiss Glacier Inventory 2000 - Application of Remote Sensing and GIS PhD thesis Frank Paul
1
6.
Figure 6.3: Illustration of digitized glacier outlines from 1850 (blue) and 1973 (black) as well as cen-
tral flow lines (red) for the Mischabel test region (cf. Fig. 7.2).
1 km
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6.2.3. Accuracy of glacier digitizing
The digitized glacier outlines may be incorrect for the following reasons (from largest to
smallest errors): (1) wrong outlines on the original topographic maps, (2) inaccurate digitiz-
ing, (3) insufficient geocoding of the maps.
Point (1) will cause the largest deviations but (hopefully) only for very few glaciers. For the
Morteratsch glacier (Upper Engadin, Grisons) such an error has been detected by chance, as
the 1973 outline at the terminus has nearly the same position as in 1997, although the glacier
has retreated about 300 m. In this case, a wrong transfer from or interpretation of the original
1973 aerial imagery may have caused the difference. This error has not been corrected, as
length change is not obtained for this glacier and the area change is less than 0.2 km2.
Inexact digitizing (2) can have various sources: (a) positional shifts during cross-hair cursor-
tracking, (b) generalization of fine details, and (c) the number of vertices used for a line. As
digitizing has been performed by five different persons, each with a different performance, an
overall error is difficult to determine. However, a comparison of areas from about 100 glacier
polygons digitized twice by one person and a second time by another person is depicted in
Fig. 6.4a (see App. 3.2-15 and 3.2-16 for outlines). The average relative difference is 2.5%
(σ=10%) in both cases, with most values between ±5% for polygons larger than 0.1 km2. An
example of a small glacier which is digitized four times by chance is displayed in Fig. 6.4b.
The areas are (in m2): black=13959, red=14784, green=13991, and blue=14621 with σ = 368.5m2
and a highest difference of 5.9%. A first comparison of glacier areas derived from digitized
outlines and planimetrically reveals: in average digitized glaciers are 1.7% larger (σ=3.6%)
without a dependence on glacier size (r=0.11). However, the set has been restricted to glaciers
with area differences of less than ±10%, as some of the glaciers used may not be fully identical.
The least critical point (3) is geocoding of the maps prior to digitizing. Although some of the
1973 maps show a tendency to disintegrate (like small glaciers), the RMSE obtained from four
control points was in general below 5 m. Somewhat less accurate (±10 m) is the geodetic con-
trol of the 1850 outlines from the tracing vellum by interactive matching. However, position-
ing is in general sufficient, as digital overlay of the 1850 outlines reveals (e.g., Fig. 6.3 and 7.1).
Figure 6.4: a) Comparison of glacier areas digitized twice by one person (circles) and from a second
person (crosses). b) A small glacier (0.014 km2) digitized four times by chance (see text for areas).
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6.3. Integration of TM-derived glacier
maps into the GIS
6.3.1. The glacier outline vector layer
TM-derived glacier maps are finally stored as a black (‘glacier’) and white (‘other’) images in
TIF format (Fig. 6.5a). From the entire TM scene, only the part with glaciers is exported and
for Arc/Info integration, coordinates of the upper left pixel corner (in units of the Swiss geo-
detic map projection) as well as pixel size (25 m) are stored in a separate file with the exten-
sion ‘tfw’ (e.g., 25.0 0.0 0.0 -25.0 545000.0 210000.0).
The conversion of the tif-image to a glacier vector layer is performed in three stupefied. 6.5):
(1) imagegrid name.tif gr, (2) namegr = setnull(gr ==1, gr) and (3) gridpoly namegr name.
The setnull command is required to assign the ‘no data’ flag to all areas outside and also to
island polygons inside of glaciers (App. 2.2-2). In the pat of the glacier coverage (name) all pol-
ygons have an item ‘grid-code‘, which equals 0 for glaciers and 1 for other, depending on the
assignments of the image used. As visible from Fig. 6.5, contiguous ice masses have to be
divided into the individual glaciers before data retrieval makes sense. This is done by inter-
section with a vector layer of glacier basins (see the next paragraph).
Figure 6.5: a) Glacier map for the northern part of Weissmies test region from TM (raster image), and
b) resulting vector layer showing the boundary between black and white pixels.
6.3.2. The glacier basin vector layer
In order to separate connected glaciers in the classified TM image according to their 1973
boundaries, the ice divides between them have to be defined. This is done by on-screen digi-
tizing of a glacier basin vector layer in arcedit using the digitized Swiss glacier inventory and
the outlines or filled areas from the classified TM images (composite of available years) as
background (Fig 6.6). In case of any ambiguities about the location of the basin outline, a sat-
imagegrid
gridpoly
a) b)
setnull
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ellite image is used additionally. Ice divides are transferred without modification from the
digitized inventory using ef arc, sel many and put and extended to a closed polygon roughly
surrounding the glacier. Isolated glaciers are also encircled by closed polygons. The thick blue
lines in Fig. 6.6 represent these glacier basin polygons. They are shown together with the dig-
itized 1973 glacier outlines (red), the final (after debris-cover correction) 1998 glacier outlines
(green) and labels (yellow dots) for glaciers that have been selected for calculation of area
changes. With these pre-defined glacier basins it is also possible to assign an unique ID to
groups of glaciers (see 6.3.3).
Figure 6.6: Digitized glacier basins (blue) for the southern part of the Mischabel test region, with the
digitized 1973 inventory (red), TM-derived glacier areas in 1985 (grey and black areas) and 1998 (grey
areas), and final 1998 outlines (green). Yellow dots denote glaciers selected for the SGI 2000.
The manual digitizing of glacier basins is facilitated by accurate orthorectification of the satel-
lite images, as the same glacier basin vector layer can be used for each image. Sometimes a
shift of one pixel between two images is enough to prevent separation of glaciers with the
same basin. However, if differences are small enough a compromise is made for the dissection
line. Otherwise (e.g., in the case of snow fields) a modified basin vector layer is used.
For quick assessments of glacier changes in small areas (about 50 by 50 km) the basin vector
layer can also be created for non-geocoded images (Paul, 2002b). This is useful if DEM data or
a digitized glacier inventory are not available and no further analysis (glacier parameters
from DEM) is performed. The relative displacement between Landsat images from sequential
years (same path and row) can be evaluated from a few control points to perform a relative
image matching. Next GIS processing can be handled in the same way as for the SGI 2000.
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Glacier separation with time
At this point a comment on the temporal evolution of glacier areas must be given: Glacier
changes between 1850 and 1973 can be tracked from the digitized inventories and Landsat
TM imagery covers the time since 1985. In both time intervals, glaciers shrank by means of
retreat and partly by separation from formerly connected tributaries (larger glaciers) or disin-
tegration (smaller glaciers). Since area change depends mainly on glacier size, it is glaciologi-
cally incorrect to track changes by using just the sum of all glacier parts.
On the other hand, disintegration seems to be a typical element of glacier behaviour in the last
decades and may also intensify in the near future. As a compromise, glacier extent in 1850 is
not considered as a basis for the SGI 2000 and glacier basins are defined according to their
1973 perimeter. Area changes are calculated within these basins, independent of the number
or area of glacier parts within them. For efficient GIS-based data processing, information
about the parent glacier of each glacier part must be available (cf. GLIMS, 2002; Mennis and
Fountain, 2001). In consequence, glacier groups can have various origins: (1) they are already
a part of the digitized inventory, (2) they consist of a ‘total‘ glacier comprised of different trib-
utaries, and (3) they originate from a single glacier through separation over time.
(1): A glacier group in the inventory of Müller et al. (1976) is comprised of a number of
smaller glaciers (glacieretes, maybe snowfields) that belonged to a distinct basin or to a single
(and often much larger) glacier in 1850. In the revision of Maisch et al. (2000), each glacier is
treated individually and a lot of new glacier IDs were created (see Table 6.2). For the digitized
inventory (1973) only the main glacier of a group (holding the ID) is digitized and possible
tributaries are added according to the tracing vellum. Hence, some confusion is unavoidable
and specified samples are used for area comparisons in the SGI 2000.
(2): The separation of formerly connected glacier tributaries is observed mainly between 1850
and 1973, in particular for larger valley glaciers. In the 1973 inventory from Müller et al. (1976)
only total areas are given, since no comparisons with ancient extents are made. In the revision
of Maisch these glaciers are treated as ‘total’ glaciers, while the different tributaries are cata-
logued as glacier parts (‘Teilgletscher’). All others are listed as ‘individual’ glaciers (cf. Table
6.2). Only areas from total and individual glaciers are used for the SGI 2000.
(3): The disintegration of glaciers is restricted to small glaciers and is observed especially dur-
ing the last two decades as a result of strongly negative mass balances (e.g., MBB, 2001). In the
SGI 2000 changes in area are tracked for the sum of all glacier parts within a basin, although
individual glacier behaviour becomes very different compared to a compact glacier of the
same size. However, the remaining very small glacier parts can supposed to be firn fields
without much movement and thus, summarized.
6.3.3. The ID vector layer
There are at least two different but complementary glacier codes for Switzerland. Both codes
use the same hydrological scheme for the numbering of each glacier. While the WGI-code
uses a number for the country and the continent (Hoelzle and Trindler, 1998), the code of
Müller et al. (1976) does not, and letters and numbers for rivers and drainage basins are some-
what different (cf. Table 6.2). Successive numbers are given for each glacier of a hydrological
basin in clockwise rotation. Maisch et al. (2000) used the numbering scheme from Müller et al.
(1976), but had to introduce additional codes (further numbers and appended letters) for new
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glaciers or separated glacier parts. All these codes are not usable for creation of a point cover-
age from the glaciers coordinates, since letters are not allowed as an identifier for a label. Thus,
a short Fortran program was written to convert the letters into numbers (App. 2.3-2). Their
position in the alphabet is used for conversion, with one digit for the first letter (A-F equals 1-
6) and two digits for the second letter (b to r equals 02 to 18) of the code. If the code has no sec-
ond letter, ‘00’ is used as a place holder (see Table 6.2).
The label-ID point coverage is used to assign a label to each glacier of the digitized inventory
for at least three reasons: (1) To create a link to the former database CH-INVGLAZ, (2) to iden-
tify glaciers and exclude island polygons for data selection (analogue to the ‘grid-code’ label
for the TM-derived glacier areas), and (3) to allow attachment of items from other sources
(e.g., length changes) to the attribute table of each glacier.
The point coverage is created from a text file (storing the ID and x/y coordinates of each label)
with generate and input. This coverage (and the pat) is combined with the coverage of the digi-
tized inventory and also with the glacier basin coverage using intersect and joinitem (App. 2.2-
2). Afterwards, the selection of glaciers is possible according to their hydrological basin.
Unfortunately, it is not feasible to use this concept for the SGI 2000 in practice, as glacier labels
are not unique in the CH-INVGLAZ database. Most glaciers have more than one label,
depending on the assignment as a ‘total glacier’ and ‘glacier part’ in 1850 or 1973. ‘Total gla-
ciers’ exists in 1850 (split into ‘glacier parts’ in 1973) and 1973 (composed of different glacier
tributaries, tongues or accumulation areas). Since the ‘parent glacier’ was not traced in the
database, it is very difficult to decide which label belongs to which glacier.
For a first assessment of glacier change in the SGI 2000, manual labels are applied to each gla-
cier. Special label coverages are created for each comparison between various data sets, e.g.,
the digitized inventory from 1973 with TM in 1998 or 1999, TM areas for 1985, 1992 and 1998
(western part of Switzerland) or 1985 and 1999 (eastern part). This four-digit label can also be
used as the value item for a grid, which is generated from the 1973 glacier coverage (with 5 m
pixel size) to calculate glacier parameters (see next paragraph).
Glacier name (CH-INVGLAZ) WGI Müller Maisch SGI 2000
UNTERAARGLETSCHER (Teilgl.von A54G/50n) 4R014 4G 11 A54/G11 A54G/11 1540711
A54G/50n, Unteraargletscher (Totalgl.) n. a. n. a. A54G/50n 1540750
Lauteraar-Rothörner-NE* (Teilgl. von A54G/50n) n. a. n. a. A54G/52n 1540752
GROSSER ALETSCH GLETSCHER (Teilgl. von
B36/49n)
 4N013 36 26 B36 /26 B36/26 2360026
MORTERATSCH VADRET DA (Totalgl.) 4J143 22 3 E22 / 3 E22/03 5220003
PERS VADRET (Teilgl. von E22/03) n. a. n. a. E22/11n 5220011
Morteratschgletscher (Teilgl. von E22/03) n. a. n. a. E22/12n 5220012
Table 6.2: A few examples of glacier codes used in different inventories. In the first column ‘Teilgl.’
means ‘part of a glacier’, ‘Totalgl.’ means ‘entire glacier’ and ‘von’ means ‘of’. ‘WGI’ is the code used
in the world glacier inventory (IAHS, 1989), ‘Müller’ is the code used in the Swiss glacier inventory
(Müller et al., 1976), ‘Maisch’ is the code from the revised CH-INVGLAZ database (Maisch et al.,
2000), and ‘SGI 2000’ is the converted number from the ‘Maisch’ code.
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6.4. Deriving glacier parameters
6.4.1. Methods
Obtaining glacier parameters for a larger number of glaciers by traditional methods (cartogra-
phy, planimetry) is laborious, prone to errors and nearly unreproducible. The use of GIS tech-
nology at least generates reproducible results, but also offers four essential improvements: (1)
Storage of 2D glacier outlines in a vector layer for tracing of geometry changes, (2) storage of
corresponding glacier parameters in a relational data base, (3) combination with a DEM for
retrieval of 3D glacier parameters and topographic indices, and (4) programming allows fully
automatic processing of all data. A short description of the processing schemes for each
parameter is given below (cf. Table 6.4).
Area and perimeter of each polygon (glacier) are calculated within Arc/Info automatically.
Glacier length is computed from the central flow line, cut by the actual glacier outline (inter-
sect). In order to use zonalstats for calculation of basic statistical values from a value grid (e.g.,
DEM) the glacier polygon coverage has to be converted to a zonal grid. Hence, the glacier ID is
assigned to each glacier from the label ID coverage (intersect) and afterwards the coverage is
converted to a 5 m cell-sized grid (polygrid), keeping the label ID as the zone identifier (Fig.
6.7a). A DEM-derived colour-coded eight sector aspect grid is shown in Fig. 6.7b as an exam-
ple of an underlying value grid.
From zonalstats and the DEM, the minimum, maximum, range, mean and standard deviation
(σ) of elevation is calculated for each glacier (Table 6.4 and App. 2.2-3). A 10 m and 100 m hyp-
sography is computed for each glacier by additional use of select and a Fortran program
(App. 2.2-4 and 2.3-3). Median elevation and ELA are calculated from the 10 m hypsography
as the 50th and 35th percentile of the cumulated area (App. 2.3-4).
Figure 6.7: Glacier parameters are obtained with the zonal concept (illustrated here for the northern
part of the Weissmies test region). a) The zonal grid with one zone for each glacier (colour-coded) and b)
a value grid (aspect sector) for the corresponding 3D parameter. DEM25 © swisstopo.
a) b)
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Mean and σ of slope and sky-view factor are calculated as time-independent glacier parame-
ters with zonalstats from the corresponding value grids. The mean potential solar radiation
(psr) for June to September and cumulated cast shadow for 21 July are used as time-depend-
ent value grids (cf. 3.2.2).
Mean aspect cannot be inferred directly with zonalstats from the aspect grid, as the north
direction is represented by two different values (0 and 360°). Each glacier facing north and
covering for example a range from 330 to 30° will have a mean aspect near 180°. As a conse-
quence the aspect grid is separated in a sine and cosine grid, zonalstats is used to obtain the
mean values and a Fortran program (App. 2.3-6) is used to get the correct mean aspect in 0-
360° as well as the corresponding sector (see Table 6.3). From an aspect sector grid (derived
within PCI) the percentage of glacier area in each aspect sector is calculated (App. 2.1-3).
It must be noted that slope and aspect are different from their equivalent in the CH-
INVGLAZ database. Here they represent the mean of all slope/aspect values based on 25 m
cell grids for the entire glacier. In the CH-INVGLAZ aspect (orientation) is defined as the
mean aspect sector of the central flow line and slope is elevation range divided by glacier
length. A comparison of the two values is given in Fig. 6.8 for a selection of 683 glaciers.
All statistical values are combined with the attribute table of the glacier coverage (joinitem) and
transferred for further analysis and visualization to ASCII tables (unload). A summary of the
calculated parameters and their sources is given in Table 6.4. The digitized 1973 inventory
serves as the basis for all glacier parameters. Dependencies of changes in glacier area and
length are compared to these values (see 7.3). For the 1998/99 TM-derived glacier areas only
minimum elevation, elevation range and slope are calculated again from the DEM, as varia-
tions of all other parameters are comparably small (cf. 7.3.3).
N NE E SE SE SW W NW
Grid value 1 2 3 4 5 6 7 8
End of sector range [°]  22.5 67.5 112.5 157.5 202.5 247.5 292.5 337.5
Table 6.3:  Grid values used for the 8 aspect sectors and their conversion from 360°.
Parameter Source Format Calculation
ID CH-INVGLAZ ASCII 2.3-2 & 2.2-1
area, perimeter digitized outlines coverage inherent
length digitized flow lines coverage intersect & Fortran
minimum, maximum, mean, σ
& range of elevation
DEM25L2 grid 2.2-3
median and 2:1 elevation DEM25L2 grid 2.2-4 & 2.3-4
mean & σ of slope Slope (curvature) grid 2.2-3
mean & σ of sky-view factor Sky-view (PCI) grid 2.2-3
mean aspect (0-360 d & sector) Aspect (sine, cosine) grid 2.2-3 & 2.3-4
potential solar radiation SRAD grid 2.2-3
100 m hypsography DEM25L2 grid 2.2-4 & 2.2-3
Table 6.4: Summary of glacier parameters, their sources, format and calculation
(numbers refer to the programs listed in the Appendix). Slope and aspect grids are
derived with Arc/Infos curvature command, sky-view factor is calculated within PCI.
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6.4.2. Parameterizations
Using WGI data
The glacier parameters obtained allow calculation of further glaciological parameters using
parameterization schemes. From the four basic entries of the WGI: area (A), length (L0), mini-
mum (Hmin) and maximum (Hmax) elevation, Haeberli and Hoelzle (1995) calculated a
number of further parameters from physical relations. A selection of them is summarized in
Table 6.5, along with the governing equations. Mean flow velocity, mass balance gradients,
response and reaction times can also be calculated from these variables.
In contrast to the approach above, vertical extent (range), mean altitude and surface slope are
inferred for the SGI 2000 directly from the DEM. The comparison for mean elevation is
depicted in Fig. 6.8a and for mean and average slope in Fig. 6.8b. The DEM-derived mean ele-
vation (average from all grid cells comprising a glacier) is perhaps better suited, since maxi-
mum elevation may correspond to a singular high-reaching couloir not representative for the
glacier. The same is true for slope, where the calculated value relies also on a possibly extreme
maximum elevation value and also on the much more uncertain glacier length, which also
explains the lower correlation between both values (0.82 instead of 0.98 for mean elevation).
Figure 6.8: Differences between mean altitude (a) and average surface slope (b) from zonalstats using
a DEM and according to the equations given in Table 6.5. The red line is the identity.
Parameter Symbol Equation Remarks
vertical extent ∆H Hmax - Hmin
mean altitude Hm Hmin + (∆H / 2) also used for ELA approximation
average surface slope α arctan (∆H / L0)
mean basal shear stress τ a + b · ∆H - c · ∆H2 1.5, if ∆H exceeds 1600 m
average depth hf τ / (f · ρ · g · sinα) taken along central flow line, f=0.8
mean thickness hF (π / 4) / hf semi-elliptic cross-section
volume V A · hF
Table 6.5: Selected parameterizations for glacier inventory data as described by Haeberli and Hoelzle
(1995), with ρ = ice density, g = acceleration of gravity and a, b, c = constants.
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From the 3D glacier parameters, additional terrain properties can be calculated for each gla-
cier, such as elevation-relief ratio (Hm-Hmin/∆H) or catchment-related parameters (cf.
Etzelmüller et al., 2001). The latter were used by Zemp (2002) in order to obtain information
about the sediment balances of about 100 glaciers.
Glacier volume
Calculation of glacier volume requires a 3D representation of glacier surface and glacier bed
topography. While glacier surface is maintained from a DEM, the bed topography has to be
extrapolated, e.g., from radar or seismic thickness profiles measured along many transects
over a glacier (e.g., Bogorodsky et al., 1985; Driedger and Kennard, 1986; Hagen and Saetrang,
1991). Some care is required in interpretation of layer and bottom returns from ground pene-
trating radar (Dowdeswell et al., 1984). Regression curves were derived from such (including
also questionable) measurements to obtain glacier volume (e.g., Müller et al., 1976).
Glacier area is the mandatory scale factor for all volume calculations (e.g., Bahr et al., 1997),
but the complexity of calculation differs. Table 6.6 provides a summary of the governing
equations and their restrictions. While Maisch et al. (2000) and Müller et al. (1976) derive
mean glacier thickness from a regression curve of measurements, Haeberli and Hoelzle (1995)
used glacier elevation range and slope-dependent basal shear stress. The latter was also
applied by Driedger and Kennard (1986), but they inferred volume of large glaciers directly
from mean slope and area, as calculated for each 100 m elevation interval (cf. App. 2.2-5).
Methods 2, 3 and 4 are applied to glacier parameters derived with 1973 outlines from the
DEM25L2 and compared with each other. In Fig. 6.9 mean thickness vs. glacier size is
depicted for methods 2 and 3 along with in-situ measurements from the Alps (Müller et al.,
1976) and Cascades (Driedger and Kennard, 1986). Both methods yield similar results, with
small glaciers somewhat thicker with method 2 and large glaciers thicker with method 3. The
physical relation reveals a strong scatter, and the double-logarithmic scale confirms the non-
linear relation between τ and mean slope due to the flow law (volumes are discussed in 7.3.4).
If only volume changes are of interest, other and more direct methods can be used. Some
examples from high to low precision and short to longer time intervals are: (a) terrestrial pho-
togrammetry (e.g., Finsterwalder, 1954; Finsterwalder and Rentsch, 1980), (b) DEM genera-
tion by stereo-photogrammetry from aerial photography (Kääb, 2001; Kääb and Funk, 1999),
and (c) digitized contour lines from old maps and reconstruction with 3D polygonal bodies
(Wipf, 1999). While (a) is suitable only for small or individual glaciers, method (b) could also
be used for the SGI 2000. Using the DEM25L2 which was compiled about 10 years after the
Method Equation for Volume Restrictions
1. Müller et al. (1976) A · (5.2 + 15.4 · A0.5) statistically derived, area: 0.5-23 km2
2. Maisch et al. (2000) A · (10.6 + 15.0 A0.5) empirical relation, using all glaciers
from ‘1.’ and late glacial ice-bodies
3. Haeberli and Hoelzle (1995) Α· (π/4) · (f · ρ · g · sin α) / τ physical relation, see Table 6.5
4. Driedger and Kennard (1986) 3.93 · A1.124 for small glaciers, statistically derived
τ / (ρ · g) · Σ Ai / sin αi, and:
τ = 2.7 · 104 · Σ (Ai / cos αi)0.106
for large glaciers (τ > 1.2), physical
relation
Table 6.6: Different methods used to calculate glacier volume, with A = glacier area, i = index (see.
Table 6.5 for further symbols).
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Figure 6.9: Glacier area vs. mean glacier thickness, as obtained with different methods.
level1 DEM25 and updated for glacier contours lines (Swisstopo, 2001), the differences
between the two DEMs could be used to calculate volume changes with respect to each gla-
cier (multiplication with the pixel area (i.e. 625 m2) and summarizing of all pixels and each
glacier). However, contour lines are only updated for the ablation areas of larger glaciers, and
elevation differences due to the new interpolation algorithm are in the same order of magni-
tude as changes in glacier elevation. Thus, this method is not used for the SGI 2000. However,
method (b) is used for the new Austrian glacier inventory, where aerial photography from
1969 and 1997 to 1999 were used for DEM generation and glacier volume change calculation
(Würländer and Kuhn, 2000). Method (c) was applied to digitized elevation contour lines
from 1850 and 1973 (100 m intervals) within an AML-script developed by Benz (1995), using a
method of volume change reconstruction as described by Hofman (1958).
6.4.3. Accuracy of the derived 3D parameters
A comparison of DEM-derived glacier parameters with those obtained from traditional meth-
ods (e.g., planimetry) could not be achieved, since the link to the CH-INVGLAZ database has
not been established yet. Possible errors may result from the following points: (1) The years of
DEM acquisition (mid-1990s) are different from the year of the glacier inventory (1973). This
will have its greatest effect on minimum glacier elevation. (2) Geocoding of the maps used for
digitizing is, in general, better than 5 m (RMSE), while digitizing itself may reach 10 m and
satellite imagery has 20m RMSE. This shift will especially influence the accuracy of maximum
elevation, if located near crests. The accuracy of the digitized central-flowlines is discussed in
7.4.3. Assuming a perfect DEM, the overall accuracy of the main derived 3D parameters is
estimated to be ±50 m for all elevations and ±5° for mean slope and aspect.
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6.5. Data flow
The guiding principle for the data flow concept is to perform as many calculations as possible
with the fewest input data sets and minimum user interaction. The GIS is able to communi-
cate with other software by export of ASCII data tables, but often the data has to be re-config-
ured to a special format. This is done by small Fortran programs, acting as an interface
between the GIS output and the required input format for the next step. Thus, data flow fol-
lows a general work flow between three modules (GIS, CONVersion, VISualization) and a
specific data flow within each module (Fig. 6.10): (1) the GIS module for calculations within
the GIS (e.g., areas of individual glaciers), (2) the CONV module for conversion and calcula-
tions with Arc/Info output tables (e.g., glacier areas of two different years converted to rela-
tive changes in area), and (3) the VIS module for creation of graphics from data files (e.g., with
XMGR, App. 2.4-1). Each module consists of particular programs for individual tasks, each of
which includes an input, calculation and output part. The different modules can be combined
to a complete digital chain, as Arc/Info is able to run external programs (Fortran, batch jobs)
by the &system command. The output from a program in one module acts as the input for a
program in the next module (Fig 6.10a). For practical reasons (especially during develop-
ment), intermediate results are stored separately (e.g., conversion of the classified TM-image
to a polygon coverage is performed only once and used afterwards by all other programs).
The calculation of 3D glacier parameters from a specific DEM product (e.g., slope) within the
GIS-module is shown schematically in Fig. 6.10b in more detail. Only three data layers are
required for the input section: (A) the pre-defined glacier basins (vector layer) with assigned
glacier IDs, (B) the image with the classified glacier areas from TM (tif format), and (C) the
DEM or a product from it (raster grid). The calculation section consists of the following steps
(numbers refer to Fig. 6.10b):
(1) A raster-vector conversion of the glacier map with imagegrid and gridpoly.
(2) Using the glacier basin coverage and intersect to obtain the individual glaciers.
(3) Conversion with polygrid to a zonal grid where each zone corresponds to a glacier.
(4) The DEM (or a product of it) is converted with asciigrid to a value grid.
(5) Combination of the value grid and the zonal grid with zonalstats to obtain statistic
parameters for each zone (glacier) according to the value grid.
In the output section unload is used to transfer the calculated 3D parameters to a text file.
Figure 6.10: a) General data flow between the three modules. b) Detailed processing scheme for calcu-
lation of glacier parameters from a DEM product within the GIS-module.
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Example of glacier change calculation
According to the schematic workflows given in Fig. 6.10 the calculation of glacier changes for
two different years is as follows (using the names used in App. 2.2-2 and 2.3-5):
Pre-processing:
Satellite scenes: orthorectification (cf. 4.2), glacier classification (cf. Fig. 4.14 & App. 2.1-2),
binary map (tif-format)
GIS-related: digitizing of a former glacier inventory (if available), glacier basins (polygon
coverage) and glacier IDs (point coverage)
GIS module (2.2-2):
Input: glacier basins ‘stanzchisl98’, glacier IDs ‘lsel5_7398’, digitized 1973 glacier out-
lines ‘gl73f98’, glacier map ‘gl98.tif’
Calculation: format conversion and intersection with basins and IDs
Output: glacier size and ID for 1998 ‘gl98cc.tab’ and 1973 ‘gl73f98.tab’
CONV module (2.3-5):
Input: glacier size and ID for 1998 ‘gl98cc.tab’ and 1973 ‘gl73f98.tab’
Calculation: area sums according to ID, differences and statistics
Output: tables of relative ‘gldif7398.dat’ and absolute ‘gldifabs7398.dat’ change in
area for all glaciers and summaries for each area class for import (cf. Table 7.2)
‘gldiffk7398.tab‘ and further export ‘gldiffk7398.dat’.
VIS module (similar to 2.4-1):
Input: glacier size vs. relative changes in area ‘gldif7398.dat’ and area class averages
‘gldifflkl7398.dat’.
Output: eps-file of glacier change (Fig. 7.8).
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7.1. Digitized glacier outlines
7.1.1. Description of data sets
Four basic digitized data sets were created for the SGI 2000: (1) glacier outlines from the 1973
inventory, (2) glacier outlines from the reconstructed 1850 inventory, (3) central flow lines for
1850 and 1973, and (4) a point coverage with glacier labels, generated automatically from the
glacier ID and x/y coordinates (cf. App. 2.2-1) as well as by interactive digitizing.
(1) The 1973 outlines
A copy of the 1973 glacier polygon coverage is intersected with labels (point coverage) gener-
ated from the CH-INVGLAZ database. Before intersection, many labels are shifted to a new
position to be located within the respective glacier polygon. Some of these polygons receive
multiple labels resulting from designation as ‘total glaciers’ or ‘glacier parts’ in the database.
The assignment of a unique label from the CH-INVGLAZ database to each glacier must be
performed later, as the database must be revised beforehand. Afterwards all glaciers with a
label (2073 in total) are converted back from vector to raster format using a 5 m grid-cell size.
This data set is used to calculate all glacier parameters (see 7.2) using the methods described
in Chapter 6.
The outlines from 1973 are also used to define the glacier basins for the TM data (separation of
contiguous ice masses) as well as for various overlays. The latter includes overlay with satel-
lite imagery draped over a DEM for creation of 3D perspective views (Fig. 7.1) or without a
DEM (Fig. 7.2) to visualize former glacier extent. Polygon topology is mandatory to display
glaciers in ArcView according to the data in their attribute tables (cf. Fig. 7.6 and 7.7).
(2) The 1850 outlines
Glacier outlines from 1850 are partly available with polygon topology and are represented
with arc-topology in all other regions. The correct intersection of 1850 outlines with 1973 pol-
ygons needs additional time and could not be entirely completed for the SGI 2000. Thus, out-
lines from 1850 cannot be used to derive glacier parameters. However, outlines can be used to
illustrate 1850 glacier extent in 3D perspective views with arcplot. Two examples with glacier
outlines from 1850 (red) and 1973 (blue) are shown in Fig. 7.1. Some additional examples are
presented in App. 3.3. Statistical and spatial analysis of the 1850 data set is given by Maisch et
al. (2000), Wipf (1999) and Benz (1995).
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(3) Central flow lines from 1850 and 1973
Central flow lines of glaciers from 1850 and 1973 have been digitized for the region investi-
gated by Benz (1995) and Wipf (1999). Within the SGI 2000 only flow lines from 1850 are digi-
tized for the remaining part of Switzerland. The use of 1850 or even 1973 flow lines for the
1998 TM outlines is not possible without control for each glacier, because many smaller gla-
ciers show strong changes in geometry (cf. 7.4.3). The flow lines are shifted to the place of the
largest remaining ice body and corrections for the changed geometry are applied. In the case
of a disappeared glacier, the flow line is deleted and glacier length is zero.
As changes in glacier length between 1973 and 1998 are calculated from the difference
between the two flow lines, an additional selection is made for all glaciers with appropriate
flow lines in 1973 and 1998. This selection (683 glaciers) is used in Fig. 7.5f which shows the
length - mean width relationship. For these glaciers the sum of all flow line segments is calcu-
lated from an additional Fortran program according to the flow line ID. This program also cal-
culates relative and absolute length changes as well as changes for various length classes.
(4) Glacier labels
In a first step glacier labels are assigned to each glacier according to their converted WGI code
(see 6.3.3). Two problems occur: (1) The string with the code is too long for use as a grid value
and (2) it is not possible to decide which of the numbers belong to the respective glacier. As a
consequence, labels are assigned manually to a selection of 947 glaciers for comparison of gla-
cier areas. For the western part of Switzerland (Landsat path 195), 721 glaciers are selected for
the comparison from 1973 to 1998 (finally reduced to 713, see 7.3.1), and 226 glaciers are
selected for the eastern part (path 194) for a comparison from 1973 to 1999 (see 7.3.2). The lat-
ter selection is considerably smaller, as most glaciers are located in the western part of Swit-
zerland and many glaciers in the 1999 scene must be excluded due to adjacent snow patches.
A sample of 471 glaciers (within path 195 only) is chosen for a comparison of glacier areas in
1973 - 1985 - 1992 - 1998 (see 7.3.3).
The labels are also placed within the largest of the remaining glaciers (in 1998/9) to calculate
new glacier parameters only for this glacier part. The new hypsography is calculated for all
glaciers within the former basin. Many of the small glaciers (around 0.1 km2 in 1973), which
have disappeared by 1998/9 or developed into small ice patches, are not considered in the
selections mentioned above. This leads to a considerable decrease in glaciers by number
(about 50%) but not by area (88%) compared to the inventory of Müller et al. (1976). The selec-
tion process is quite subjective and influences the value for the average relative change of gla-
cier area in both regions (cf. Table 7.1 and 7.2).
7.1.2. Visualization with glacier outlines
As discussed above, glacier outlines from 1973 and 1850 (without polygon topology) can be
used from arcplot as an overlay in 3D perspective views (the AML-code is given in App. 2.2-
6). The examples in Fig. 7.1 illustrate the retreat of glacier tongues and the overall shrinkage
between 1850 (red) and 1973 (blue). While the 3D views are more appropriate for the larger
changes between 1973 and 1850, the smaller-scale glacier change between 1973 and ‘2000’ is
better depicted in 2D views (e.g., Fig. 7.2 and App. 3.2-9). In order to show the 1985-1998
change as a 2D area, the difference image is converted to grid format.
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Figure 7.1: Visualizing glacier changes with digitized glacier outlines from 1850 (red) and 1973
(blue) on fused IRS-1C / TM images that are draped over the DEM25L2. a) The Aletsch region (about
19 km wide at front side) is obtained from the fused scenes #10 and #13. b) The Bernina group of moun-
tains (17.5 km wide at front side) uses fused scenes #5 and #15. DEM25 © swisstopo.
a)
b)
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Figure 7.2: Example of a 2D glacier change illustration for the Mischabel test region. TM-derived gla-
cier outlines in 1998 (yellow) and area change from 1985 to 1998 (red) is shown together with outlines
from the digitized 1973 inventory (blue). The background image is created from a fused IRS-1C (#14)
and TM (#10) image. The purple area at bottom right is due to a cloud only present in the IRS-1C
scene. Letters denote the following glaciers: F=Findelen, A=Allalin, R=Ried (cf. Fig. 6.3 and 6.6).
F
A
R
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7.2. 3D glacier parameters for 1973
In this paragraph some statistics of glacier parameters (based on the DEM25L2) with respect
to the digitized 1973 data set are given in tabular and graphical form. A detailed hydrological
and regional analysis of the 1973 inventory data is given by Maisch et al. (2000). The 3D
parameters are calculated according to the description in 6.4 (see also App. 2.2-3) and linked
to the original coverage with joinitem. Various data sets are ‘unloaded’ from the attribute
table, and are directly imported by XMGR for visualization or, in case of histograms, summa-
rized by a Fortran program prior to visualization.
Table 7.1 lists glacier areas and counts for all 2057 glaciers separated into 7 area classes. The
part of area and count in each area class on the entire area and number is also given. In Fig.
7.3a only percentages are displayed. The corresponding values for the eight aspect sectors are
given in App. 1-9. Fig. 7.3b displays the percentage on area and number for each sector.
The strong asymmetry in glacier number towards smaller glaciers is also visible in Fig. 2.4
with data from the inventory of Müller et al. (1976). Here, glaciers smaller than 0.5 km2
account for 82% of the number but only 15% of the area. If all areas from glaciers smaller than
1.0 km2 are summarized, they account for about 23% of the entire area, similar to the other
classes. The distribution of glacier number and area percentages for each exposition sector is
more balanced (the blue area bar with SE aspect is dominated by ‘Grosser Aletschgletscher’).
Figure 7.3: Distribution of glaciers with area class (a) and with aspect sector (b). Red bars indicate
percentage by number and blue bars percentage by area. Values are also given in Table App. 1-9.
 Area class [km2] 0.1 0.5 1.0 5.0 10.0 20.0 100.0 Total
Count 1022 673 151 157 35 14 5 2057
% 49.7 32.7 7.3 7.6 1.7 0.7 0.2 100
Area [km2] 40.09 153.95 104.15 295.99 249.38 216.32 225.81 1285.7
% 3.1 12.0 8.1 23.0 19.4 16.8 17.6 100
Mean size [km2] 0.04 0.23 0.69 1.89 7.13 15.45 45.16 0.63
Table 7.1: Summary statistics for all glaciers of the digitized 1973 inventory and seven area classes.
Only the largest size within each class is listed in the top row ‘area class’.
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However, a tendency towards a larger number of glaciers with a northerly aspect is obvious.
The three sectors NW, N and NE account for 63% of all glaciers by number and 59% by area.
The histograms of characteristic elevations in Fig. 7.4a-f show more or less ‘Gauss-shaped’
curves for each plot with exception of the elevation range (Fig. 7.4f), which is shifted to the
left due to the large number of small glaciers. While minimum elevation peaks around 2700
m, maximum elevation peaks around 2900 m. Median (1:1) and 2:1 elevation (ELA) as well as
mean elevation show highest frequencies around 2600-2800 m (Fig. 7.4c, d and e).
Figure 7.4: Histograms of various elevation-based parameters derived from the digitized 1973 inven-
tory (2057 glaciers) and the DEM25L2. DEM25 © swisstopo.
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In order to address glaciological questions, interesting parameter combinations are selected
for Fig. 7.5a-f. Glacier size vs. 2:1 ELA is depicted in Fig. 7.5a, revealing no dependence of
ELA on glacier size, but a very large scatter of ELA values for all glacier sizes. Glacier area vs.
minimum elevation (Fig. 7.5b) shows somewhat lower minimum elevations for larger glaciers
and a slightly increasing scatter towards smaller glaciers.
Figure 7.5: a) - e) Scatter plots of various glacier parameters from the digitized 1973 inventory (2057
glaciers). A smaller sample is used for f). See text for discussion. DEM25 © swisstopo.
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The dependence of elevation range on glacier size is not surprising (Fig. 7.5c), but the scatter
does not depend on glacier size (note double logarithmic scale). The scatter plot of mean slope
vs. glacier size (Fig. 7.5d) reveals: the larger the glacier, the smaller the mean slope (cf. Fig.
7.6). Compared to Fig. 7.5b, the decrease of scatter with increasing glacier size is more pro-
nounced. The dependence of ELA on exposition is weak with a tendency of lower ELAs for
glaciers facing north (Fig. 7.5e). The figure also reveals that most glaciers have aspects
between 315° and 45° (from NW to NE). For Fig. 7.5f (glacier length vs. mean width) a smaller
sample is used, as glacier lengths (derived from flow lines) are only derived for the western
part of Switzerland. For glaciers shorter than about 5 km, the broad scatter of mean width
(size/length) is obvious (note double logarithmic scale), revealing the more individual shapes
of mountain glaciers and glacieretes (cf. Bahr, 1997b).
The colour-coded visualization of a single glacier parameter from the attribute table is possi-
ble within ArcView. The glacier areas can either be used in a coloured way (Fig. 7.6) or as a
background for colour-coded dots (Fig.7.7). In Fig. 7.6 mean slope is used as the parameter for
the colour, coding increase in steepness from yellow to orange to red and decreasing steep-
ness from green to blue to purple. An explicit legend is not provided as colours are used for
illustration only. Such images can be used to identify steep glaciers within a certain slope facet
at a glance. A shaded DEM or a satellite image can be used as background.
With the establishment of a link to other geo-spatial data bases (e.g., mass balance data, length
changes, glacier pictures, modelled permafrost distribution, etc.) the glacier outlines may
become valuable to a broader community (e.g., Hurni, 2001; Sieber, 2001).
Figure 7.6: Illustrating the glacier parameter mean slope by using colour-coded glacier areas. From
high to low slope values, colours range from red, orange and yellow to green, blue and purple.
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The point coverage generated from glacier IDs can also be linked to the glacier parameter
attribute table. This allows colour-coded representations of parameters with a symbol (e.g.,
filled circle of certain size) if the glacier area is not appropriate for expressing the parameter.
As an example, Fig. 7.7 shows glacier areas as a grey background and coloured dots repre-
senting ELA from low (purple to blue), to average (green) and high (orange to red) values. In
this case the regional dependence of the ELA on climate conditions (mainly precipitation)
becomes evident. Glaciers at the more maritime north face of the Alps have lower ELAs (blue
colours) than the more continental-type glaciers (sheltered from precipitation) in the southern
part of the Valais (orange and red). Exceptions are visible in the Aletsch region, with many
small glaciers situated at high altitudes or at the northeast face of the Weissmies group
(arrow), where the vicinity to the Simplon pass provides enough precipitation to lower the
ELA.
Figure 7.7: Displaying the glacier parameter ELA by using colour-coded dots and glacier outlines as
background for the western part of Switzerland. From low to high ELA values the colours range from
purple, blue and cyan to green, yellow and red.
The computation of isolines (e.g., from kriging) from parameters varying with location (such
as ELA) is a third possibility for visualization. The necessary computations are beyond the
scope of this thesis and are addressed together with multivariate analysis (using more than
two parameters) in future studies. This includes regression and multidimensional display of
glacier parameters and their changes.
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7.3. Glacier change since 1973
Glacier changes are calculated for various samples as described in 7.1.1 (4). Glacier outlines in
1998 (Landsat path 195) and 1999 (path 194) are completed for debris-covered areas as far as
possible using the methods described in 5.2. Some glaciers are rejected, since it is not possible
to decide where the glacier boundary is, even on contrast-enhanced images. Glaciers in cast
shadow with doubtful (broken) outlines are also excluded. For some small glaciers debris
cover is added manually if strong deviations to the automatic classification is obvious.
Tabulated glacier areas are given with a precision of two digits and relative changes with one
digit. With respect to the accuracy of the TM-derived data (better than 5% for clean ice) one
digit less would indicate accuracy better. Data for glaciers smaller than 0.1 km2 is included,
but must be interpreted with care (see 5.1.3). However, their part of the entire glacier area is
mostly below 1%, resulting in a very small change for the total change if a 10% area under-
estimation is assumed. The mean relative change in area for all glaciers depends on the largest
area class considered. Some glaciers have changed their geometry by losing their tongues or
splitting up into parts. Although glaciologically questionable, all parts within a basin are
added in such cases in order to reveal the change with respect to the 1973 parent glacier.
7.3.1. Changes in area
Set (I): Western part of Switzerland (1973-1998, including debris correction)
Glacier areas in 1973 and 1998, their change in area, mean size and part on the entire glacier
area is tabulated for 713 glaciers and seven area classes in Table 7.2 (App. 2.3-5 provides For-
tran program). The relative change in glacier area for each glacier is plotted along with the
average value for each area class (red) in Fig. 7.8. While mean values for each area class
exhibit a dependence of relative area change on glacier size, the individual values express the
strong increase in scatter with decreasing glacier size. The absolute loss of area is much higher
for larger glaciers (Fig. 7.9a) but glaciers larger than 5 km2 have increased their part of the
entire glacier area by 4% (Table 7.2). This is due to the large number of glaciers smaller 1 km2,
which contribute 40% to the total area loss, although they cover only 15.5% of the 1973 area.
 Area Area [km2] Area change 73-98 Mean size [km2] % of total area
class Count 1973 1998 [km2] [%] 1973 1998 1973 1998
0.1 128 7.47 3.00 -4.47 -59.8 0.06 0.02 0.7 0.3
0.5 317 79.05 47.71 -31.34 -39.7 0.25 0.15 7.8 5.4
1.0 105 71.41 52.65 -18.76 -26.3 0.68 0.50 7.0 6.0
5.0 115 214.57 180.76 -33.80 -15.8 1.87 1.57 21.1 20.6
 10.0 31 224.00 201.48 -22.52 -10.1 7.23 6.50 22.1 23.0
 20.0 12 192.56 176.64 -15.92 -8.3 16.05 14.72 19.0 20.2
100.0 5 225.89 212.95 -12.95 -5.7 45.18 42.59 22.3 24.3
Total 713 1014.95 875.55 -139.41 -13.7 1.42 1.23 100 100
Table 7.2: Summary data for glacier area change between 1973 and 1998 for the western part of
Switzerland. ‘Area class’ is in km2 and only the largest size within each class is listed.
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Figure 7.8: Relative change in glacier area vs. glacier area in 1973 for the 713 glaciers of the selection
1973-1998. The average loss in each area class is shown in red.
The mean size of all glaciers is decreasing from 1.42 to 1.23 km2, which is still two times
higher than for the 2073 glaciers (mean size 0.63 km2). Thus, there is a bias towards larger gla-
ciers in this selection, resulting in underestimation of the relative change in area. There is no
dependence of glacier change from any of the time-independent 3D parameter variables
(slope, aspect) as well as from the mean potential direct solar radiation for the months June to
September (Fig. 7.9b) or from the percentage of cast shadow cover during a day.
Figure 7.9: a) Absolute change in glacier area with glacier size, and b) relative change in area vs.
potential direct short-wave solar radiation.
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Set (II): Eastern part of Switzerland (1973-1999, including debris correction)
The data set for the eastern part of Switzerland is much smaller than for the western part
(data are given in Table 7.3). Individual values and average losses per area class are not plot-
ted, as this figure is similar to Fig. 7.8. Instead, an example of glacier change from 1973 (yel-
low) to 1999 (black) is displayed in Fig. 7.10 for the Rheinwald region, demonstrating quite
clearly the differences in area change for individual glaciers (P=Paradiesglacier).
In comparison to set (I) no glacier is larger than 20 km2, only one glacier is larger than 10 km2,
few glaciers are smaller than 0.1 km2 and comparably more glaciers with sizes between 0.1
and 0.5 km2 exist. The average glacier size in 1973 is now similar to the sample of the 2073 gla-
ciers and average relative loss of area (-31%) is higher than for set (I). Glaciers smaller than 1
km2 are responsible for 58.6% of the total area loss, although they cover only 34% of the area.
Figure 7.10: Illustration of glacier change in the Rheinwald region (P=Paradies glacier) from 1973
(yellow) to 1999 (black) using the TM543 FCC from 1999 as background (glaciers appear light blue).
 Area Area [km2] Area change 73-99 Mean size [km2] Part of area [%]
class Count 1973 1999 [km2] [%] 1973 1999 1973 1999
0.1 36 2.58 0.56 -2.02 -78.2 0.07 0.02 1.7 0.5
0.5 131 31.65 12.56 -19.09 -60.3 0.24 0.10 20.3 11.7
1.0 26 18.21 10.86 -7.35 -40.4 0.70 0.42 11.7 10.1
5.0 26 49.64 36.29 -13.35 -26.9 1.91 1.40 31.8 33.7
 10.0 5 36.72 31.10 -5.62 -15.3 7.34 6.22 23.5 28.9
 20.0 1 17.41 16.20 -1.21 -6.9 17.41 16.20 11.1 15.1
Total 225 156.21 107.58 -48.63 -31.1 0.69 0.48 100 100
Table 7.3: Summary data for glacier area change between 1973 and 1999 in the eastern part of
Switzerland. ‘Area class’ is in km2 and only the largest size within each class is listed.
P
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Set (III): Western part of Switzerland (1973-1985-1992-1998, mostly debris free)
For this selection all glaciers from set (I) are evaluated again and most of the debris-covered
(larger) glaciers are rejected. This increases the average loss for all 471 glaciers considered to
-19.1%. Most glaciers with an advance period between 1973 and 1985 are also in the selection,
as they are generally smaller than 10 km2 and often free of larger debris. For 20 glaciers
debris-covered parts are added manually in the 1985 and 1992 images. The glacier basin cov-
erage has been edited slightly to detach some glaciers in 1985 from snowfields; some glaciers
are rejected due to unclear boundaries to these snow fields.
The advance period of Alpine glaciers during the 1970s as documented from the annual
length measurements (e.g., Patzelt, 1985), is also evident in Table 7.4. While the average
change from 1973 to 1985 is only -1%, glaciers sized 5 - 10 km2 even show a gain in area (+1%).
Also glacier sizes in the two smaller area classes remain nearly unchanged. Glaciers smaller
than 1 km2 show a small loss in area. The average area change from 1985 to 1998 is -18.2%
(with respect to the 1985 area), a value also found in previous studies (Paul, 2002b). The
advance period is also depicted in Fig. 7.11a, showing relative change in glacier area between
1973 and 1985 vs. glacier size. Again, the increase in scatter towards smaller glaciers is most
evident. For glaciers larger than 0.5 km2 the increase in area does not exceed +20%. Fig. 7.11b
depicts relative change in area vs. mean slope in order to verify an assumed steeper slope for
glaciers with a gain of area. But as Fig. 7.11b shows, such a dependence is not obvious.
Figure 7.11: a) Relative change in glacier area from 1973 to 1985 vs. glacier size for 471 glaciers. b)
Mean slope vs. glacier change for the same sample and time period.
Area Area [km2] Area change [km2] Area change [%]
class Count 1973 1985 1992 1998 73-85 73-92 73-98 73-85 73-92 73-98
0.1 79 4.59 4.23 2.82 1.69 -0.36 -1.78 -2.91 -7.9 -38.7 -63.2
0.5 227 56.77 53.71 42.82 34.07 -3.06 -13.96 -22.71 -5.4 -24.6 -40.0
1.0 75 51.02 50.95 43.33 37.98 -0.08 -7.70 -13.04 -0.2 -15.1 -25.6
5.0 76 135.46 134.98 122.89 112.68 -0.48 -12.57 -22.79 -0.4 -9.3 -16.8
 10.0 11 78.50 79.29 75.12 71.77 +0.79 -3.38 -6.73 +1.0 -4.3 -8.6
 20.0 3 49.81 49.07 47.23 46.16 -0.74 -2.58 -3.66 -1.5 -5.2 -7.3
 Total 471 376.17 372.24 334.20 304.34 -3.93 -41.96 -71.82 -1.0 -11.2 -19.1
Table 7.4: Summary data for glacier area change between 1973, 1985, 1992 and 1998 for the western
part of Switzerland. ‘Area class’ is in km2 and only the largest size within each class is listed.
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In Fig. 7.12, an example with steep mountain glaciers in an advanced 1992 position located in
the ‘Damma group’ is displayed (cf. App. 3.3-1b for location). The numbered glaciers are
(1973 size in km2): (1) ‘Brunnenfirn W’ (0.86), (2) ‘Brunnenfirn E’ (0.34), (3) ‘Stockglacier’ (0.26)
and (4) ‘Flachensteinfirn’ (3.46). The image from Sep 1992 is created by a fused TM / SPOT pan
image (scenes #8 and #11) as background and glacier outlines from 1973 (red), 1985 (yellow),
1992 (green) and 1998 (blue) as an overlay. Each of the four numbered glaciers are larger in
1985 and 1992 than in 1973. Glacier (1) reached its 1973 extent in 1998, glaciers (2) and (3) are
somewhat smaller and (4) is in parts still larger. The very small glaciers in the lower part of
Fig. 7.12 disappeared by 1998 or turned into firn fields.
Figure 7.12: Outlines of glaciers in the Damma group from 1973 (red), 1985 (yellow), 1992 (green)
and 1998 (blue) on a fused TM / SPOT pan image as background. See text for explanation of numbers.
The relative decrease in glacier area is somewhat greater from 1985 to 1992 than from 1992 to
1998 (Table 7.4). This is not obvious from Fig. 7.12, where individual glacier behaviour domi-
nates the change. The four glaciers mentioned above are not within the length measurement
network, and only satellite imagery (apart from aerial photography) is able to reveal such
changes in a systematic way. The fact that such small-scale glacier changes during a 6- or 7-
year period can be resolved with Landsat TM at this detail, indicates the possibility of imple-
menting a five- to ten-year monitoring interval. If spatial resolution is even better (e.g., the 15
m ASTER sensor), a shorter period for control of glacier development may also be feasible.
4
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N
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7.3.2. Changes in length
To obtain statistical data about changes in glacier length between 1973 and 1998, 683 out of the
713 glaciers from set (I) are selected. Most of the glaciers rejected had zero length in 1998. Sta-
tistical data are summarized in Table 7.5, although the averages and totals given should not
be used for climatic interpretation, as the signal from the individual response time of a glacier
is erased. Relative change in glacier length vs. glacier length is given in Fig. 7.13a. While the
average of the relative retreat per length class increases with decreasing glacier length, the
absolute retreat for glaciers shorter than 10 km is similar. Glaciers longer than 10 km retreat
twice as much, at least on average. Glaciers shorter than 5 km account for 94% of the total
retreat and the part of each length class on the entire length changes slightly towards the
longer glaciers (Table 7.5).
The plot for the relative change in glacier length vs. glacier length (Fig. 7.13a) is similar to that
for the area change (Fig. 7.8). The dependence is a little weaker and scatter dominates for gla-
ciers shorter than 2 km. There is no dependence of relative or absolute change in length from
further 3D parameters. Hence, a scatter plot of relative change in glacier area vs. relative
change in glacier length is selected for Fig. 7.13b. As most values are above the identity line
(red), the relative change in area is usually larger than the corresponding length change. This
is indeed an indication that change in glacier area is not restricted to the glacier tongue and
glacier monitoring from space is especially useful in revealing changes in glacier area.
Figure 7.13: a) Relative change in glacier length between 1973-1998 vs. glacier length for 683 gla-
ciers. b) Relative change in area vs. relative change in length for the same glaciers and time period.
Length Length [km] Difference 1973 - 1998 Mean length  % of total length
class Count 1973 1998 [km] % average 1973 1998 1973 1998
0.5 156 55.13 28.30 -26.83 -48.7 -0.17 0.35 0.18 5.5 3.3
1.0 230 167.73 113.86 -53.87 -32.1 -0.23 0.73 0.50 16.8 13.4
5.0 263 505.42 443.84 -61.58 -12.2 -0.23 1.92 1.69 50.6 52.3
 10.0 29 196.15 189.21 -6.95 -3.5 -0.24 6.76 6.52 19.6 22.3
 50.0 5 74.98 72.81 -2.17 -2.9 -0.43 15.00 14.56 7.5 8.6
Total 683 999.42 848.02 -151.40 -15.1 -0.22 1.46 1.24 100 100
Table 7.5: Summary data for glacier length changes between 1973 and 1998 selected from data set (I).
‘Mean length’ and ‘Length class’ is in km with only the largest length within each class being listed.
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7.3.3. Changes of 3D parameters from 1973 to 1998
Minimum elevation, elevation range and mean slope
The change of selected glacier parameters from 1973 to 1998 is derived from the DEM25L2
with the respective glacier outlines and illustrated in Fig. 7.14. While Fig. 7.14a and b are
devoted to change in minimum elevation, Fig. 7.14c displays change in elevation range and
Fig. 7.14d change in mean slope. The scatter plot of Fig. 7.14a exhibits a shift of minimum ele-
vation towards higher values (points above the red identity line) with an average of +66 m
and a standard deviation of 74.6 m. Some points are also below the identity line indicating
that some glacier tongues in 1998 extend to lower elevations than in 1973. This is also visible
in Fig. 7.14b, where the change in elevation is plotted against glacier size. At least three expla-
nations are possible for the lower minimum elevations: (1) the glacier (or a part of its tongue)
is still larger than in 1973 (cf. Fig. 7.12), (2) the outline is shifted as a result of improper
orthorectification, and (3) different glacier parts are compared with each other.
In Fig. 7.14c the change in elevation range is displayed. In general there is a decreasing range
covered by each glacier (circles below the identity line), but again with some exceptions (same
reasons as for minimum elevation). On average, elevation range decreased by 97 m with a
standard deviation of 100.5 m. Values of mean slope have increased since 1973 as most gla-
ciers have been retreating to higher elevations with steeper topography.
Figure 7.14: Scatter plots of 1973 glacier parameters vs. 1998, the red line is the identity. a) Mini-
mum elevation, c) elevation range, d) mean slope, b) change in minimum elevation vs. glacier area.
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Hypsography
For a selection of 683 glaciers (in 1973) the hypsography is calculated at 100 m intervals using
an AML script and a Fortran program (App. 2.2-4 and 2.3-3). For each interval and the years
1973 (red and blue) and 1998 (blue) the area covered is plotted in Fig. 7.15. For 1998 all glaciers
within a basin (defined by the former 1973 glacier extent) are summarized. The largest abso-
lute loss of glacier area can be found in the elevation range 2700 to 3000 m. This is also the ele-
vation range, where most of the glaciers are situated (cf. Fig. 7.4), resulting in a smaller
relative change (about -20%) than for lower elevations (up to -40%). Only minimal change
takes place above 3200 m. By using linear interpolation the median elevation of the area distri-
bution is calculated as 2908 m in 1973 and 2935 m in 1998, indicating a slight shift (+27 m) of
glacier distribution towards higher elevations.
Figure 7.15: Glacier hypsography with 100 m equidistance for 1973 (red and blue) and 1998 (blue) as
derived for 683 glaciers in the western part of Switzerland from data set (I). DEM25 © swisstopo.
7.3.4. Parameterizations
The parameterization scheme for glacier inventory data as discussed in Haeberli and Hoelzle
(1995) is applied to the data obtained from DEM-derived parameters of the digitized 1973
inventory and the length changes between 1973 and 1998 as derived from the 1998 satellite
image. Some of the more interesting relationships are displayed in Fig. 7.17. The gaps in Fig.
7.17c, e, and f are due to the parameterization scheme used for calculating the length of the
ablation area (0.5 * L0 for glaciers shorter than 2 km and 0.75 * L0 for longer glaciers).
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Figure 7.16: Scatter plots derived from the parameterization scheme for glacier inventory data (Hae-
berli and Hoelzle, 1995) and applied to the digitized 1973 inventory data (see text for explanation).
DEM25 © swisstopo.
In order to achieve similarity with previously published figures, but in contrast to the usual
display, the independent variable is shown on the x-axis (abscissa) on all graphs of Fig. 7.16.
The scatter plot of response time vs. mean slope in Fig. 7.16a reveals that the steeper a glacier
is, the shorter is the response time. This relation is a consequence of the physical parameteri-
zation scheme used (Haeberli and Hoelzle, 1995), which assumes a decreasing difference
between ELA and terminus altitude for a decreasing slope and hence, a decreasing ablation at
the terminus, resulting in increasing response times (∞ for a zero slope). Figure 7.16b
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(response time vs. length) shows that response time of small glaciers (shorter than 2 km) is
controlled by topography (strong scatter) and not by dynamic ice flow. However, the general
trend of increasing response time (tr) for longer glaciers is still obvious. A similar observation
is evident from Fig. 7.16c (tr vs. basal shear stress τ): For very slow-flowing glaciers (τ below
1.0), tr is not correlated with τ, while tr decreases with increasing τ for higher values of τ (the
faster the glacier flows, the higher its basal shear stress).
In Fig. 7.16d the balance at the glacier tongue vs. minimum elevation is shown, proving that
the lower a glacier tongue reaches, the higher the ablation at the tongue will be, since air tem-
perature increases towards lower elevations. Fig. 7.16e depicts the dependence of maximum
thickness on mean slope, indicating the steeper the glacier, the less thick is the ice. However,
small glaciers do not conform with this statement, as they do not fit into the parameterization
scheme. Finally Fig. 7.16f (maximum thickness vs. length) illustrates the increasing maximum
thickness of a glacier with increasing glacier length. Although this correlation may be obvi-
ous, Fig. 7.16e also includes glaciers that deviate from the rule, making them interesting for
further studies. In summary, the scatter plots indicate that small glaciers are not suitable for
the parameterization scheme used and that physical relationships are reproduced adequately.
The scheme is also used for calculation of glacier volumes according to the equation given in
Table 6.5 (physical relation) and using a form factor of 0.6. The form factor is used to account
for the dominant glacier type in a sample and is related to the ratio of glacier half width and
mean thickness (Paterson, 1994). For comparison purposes glacier volumes are also calculated
using the empirical relation given by Maisch et al. (2000) with the same data set (cf. Table 6.5).
The values for 718 glaciers are (in km3): 57 (1973) and 51 (1998) with the physical relation, and
63 (1973) and 57 (1998) with the empirical relation, yielding a volume loss of 6 km3 or -10%.
The relative change in volume should be higher than the area change (-14%) as a result of
additional down-wasting, but this sample holds nearly all the large glaciers with very small
relative volume changes. Multiplication of the average cumulative mass balance of six Alpine
glaciers (-7.2 m weq) with the half of the area sum from 1973 and 1998, yields a volume
change of -6.8 km3, agreeing quite well with the 6 km3 calculated above. Using a form factor of
0.8 returns 43 km3 for the 1973 volume, which is 50% less than obtained by the empirical rela-
tion, indicating the sensitivity of volume calculations to the form factor.
The parameterization of secular mass balances from changes in glacier length as described in
paragraph 2.3.1 has been applied successfully to Alpine glaciers by Hoelzle et al. (2003). The
same method is used here for the cumulative length changes between 1973 and 1998 and gla-
ciers with calculated response times of 25 to 35 years. Only glaciers within the length meas-
urement network are used, as the length changes derived automatically from central flow
lines show large deviations compared to measured values (see 7.4.3). The mean mass balance
for this period is calculated for each glacier by multiplication of the specific mass balance (in
mm water equivalent) by the average area of 1973 and 1998. Division by the density of glacier
ice (900 kg/m3) gives glacier volume change.
The comparison with volume changes obtained from the area scaling reveals that the former
are smaller by a factor of 10 to 1000. There are two reasons for this: (1) Many of the 19 glaciers
considered have cumulative length changes near zero for the period 1973 to 1998 (12 have less
than 100 m), resulting in extremely small volume changes. (2) Most glaciers included are
rather small (9 are smaller than 2 km2, only 6 are larger than 5 km2), and these small glaciers
do not fit into the parameterization scheme. Thus it seems that the parameterization scheme
obviously gives valid results for the calculation of secular changes of comparable large gla-
ciers. However, assuming a reaction time of about 15 years (which is half of the response time
used), these small volume changes reflect the balanced period 1970 to 1985 quite well.
120 7. RESULTS
The New Swiss Glacier Inventory 2000 - Application of Remote Sensing and GIS PhD thesis Frank Paul
1
7.
7.4. Discussion
7.4.1. Changes in glacier area
As with all statistical data, results have to be interpreted with care. The relative change of gla-
cier area depends strongly on the largest area class considered. Data set (I) for the western
part of Switzerland includes the five largest glaciers (all > 20 km2) and the relative change for
all glaciers is -13.7%. If glaciers > 20 km2 are not considered, this value drops to -16.1% and
down to -18.6% for all glaciers < 10 km2. In the case of data set (II) for the eastern part of Swit-
zerland (one glacier larger 10 km2), the relative change is -31%, since a greater number of
smaller glaciers is within the selection. This indicates that relative changes in glacier area
should always be given together with the area classes used and their part on the entire area.
Assuming only small changes in glacier area between 1998 and 1999, both data sets are added,
resulting in 938 glaciers with a total area of 983 km2 in 1998/9 and a relative change in area of
-16.1% (cf. Table 7.6). Interpolation of the combined relative area change per area class (col-
umn 9) to all 2057 glaciers of the basic 1973 data set (shaded columns) yields an average rela-
tive area change of -18.4% (column 10 in Table 7.6). With respect to the uncertainties of the
TM-derived glacier areas (±3%), this value can be rounded to a loss of 1/5 of the 1973 area.
According to the annual measurements of glacier length changes (e.g., IAHS, 1998), many gla-
ciers in the Alps advanced between 1973 and 1985 (Patzelt, 1985) and retreated or shrank in
area thereafter (e.g., Böhm, 1993). The advance and retreat period can also be followed from
the TM-derived area changes (Table 7.4), showing only small area changes from 1973 to 1985
(-1%). This indicates that a period of glacier advance must not be accompanied by an overall
increase in glacier area, as smaller glaciers (with a different response time) may shrink during
the same period, resulting in a net loss of overall glacier area. From 1973 to 1992 relative
change in area was about -11.2%. Similar values were found in an earlier study with 165 gla-
ciers of the Tyrolean Alps, Austria (-1.5% and -10.9%, respectively), but with MSS-derived gla-
cier outlines for 1973 (Paul, 1997). Area change between 1969 and 1992 for 225 glaciers of the
same region was somewhat larger (-18%), but glacier inventory data from 1969 was used for
this comparison (Paul, 2002a). The relative change in area from 1992 to 1998 is comparable to
Area Count Area [km2] % of total area Change 1973-1998/9 Interpol.
class 1973 1998/9 1973 1998/9 1973 1998/9 [km2] [%] [km2]
0.1 1022 164 40.1 3.56 3.1 0.4 -6.49 -64.6 -25.9
0.5 673 448 153.9 60.27 12.0 6.1 -50.43 -45.6 -70.1
1.0 151 131 104.1 63.51 8.1 6.5 -26.11 -29.1 -30.3
5.0 157 141 296.0 217.05 23.0 22.1 -47.15 -17.9 -52.8
 10.0 35 36 249.4 232.58 19.4 23.7 -28.14 -10.8 -26.9
 20.0 14 13 216.3 192.84 16.8 19.6 -17.13 -8.2 -17.7
100.0 5 5 225.9 212.95 17.6 21.7 -12.95 -5.7 -12.9
Total 2057 938 1285.7 982.76 100 100 -188.4 -16.1 -236.7
Table 7.6: Summary data for the basic 1973 data set (2057 glaciers, shaded columns) and the joint
1998/9 data sets (columns 3, 5, 7-9). Interpolated change in area is given in column 10 ‘Interpol.’
(multiplying column 4 and 9). ‘Area class’ is in km2 and only the largest size within each class is listed.
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the period 1985 to 1992. This indicates that decrease in glacier area is not accelerating.
Although all glaciers are controlled carefully, misinterpretation of snowfields (especially in
1985) is still possible, resulting in somewhat larger glaciers than in reality.
Glaciers smaller than 0.1 km2 are considered after all, as they share only a small part of the
entire area (less than 1%) and fit quite well to the remaining data, although their TM-derived
decrease may be overestimated. If only glaciers larger than 0.1 km2 in 1998 are considered, 258
or 36% of the 713 glaciers from data set (I) would have to be excluded (two of them are larger
than 0.4 km2 in 1973). These glaciers account for 30.7 km2 (3%) of the entire 1973 glacier area.
The decrease in glacier size is not restricted to small glaciers and a strong scatter of area
change is also evident in Fig. 7.10. While one of the larger glaciers (‘Paradies’) lost its tongue,
others just receded or did not change at all (cf. Kuhn et al., 1985). Smaller glaciers show all
variations from total disappearance, to losing half of their former area in a separate basin, to
shape-conform retreat. Considering the strong variations of topography, it is obvious that
there is no dependence of area change from further glacier parameters. Multivariate statistical
analysis may reveal whether dependencies for more than two parameters can be found or not.
Since glacier change (area, length) depends on glacier size it must be noted again that all gla-
cier parts of a former 1973 ‘parent glacier’ are summarized for the following years to calculate
the changes. Moreover, glaciers that share one accumulation area but develop different
tongues (e.g., Stein- and Steinlimmi glacier) are not separated and glaciers with different
accumulation basins and individual tongues that are in contact (e.g., Brunegg- and Turtmann
glacier), are separated in most cases. Most flow divides used in the CH-INVGLAZ database
are deleted if they have no visible equivalent such as rock outcrops.
7.4.2. Comparison of decadal changes
In order to compare glacier changes between 1973 and 1998/9 with the period 1850 to 1973,
decadal changes are calculated for each area class. Data for 1850 and 1973 is taken from the
CH-INVGLAZ database and are summarized in Table 7.7 for comparison with the other data
sets, having a similar distribution of glaciers by area and number. Relative area changes are
somewhat different, but show the typical characteristics: towards smaller glaciers the scatter
and the average loss increases (Fig. 7.17a). While glaciers smaller than 1 km2 account for
21.5% of the area, they cause 40% of the loss.
 Area Area [km2] Change 1850-1973 Mean size [km2] % of total area
class Count 1850 1973 [km2] [%] 1850 1973 1850 1973
0.1 297 17.27 7.68 -9.59 -55.5 0.06 0.03 1.0 0.6
0.5 715 181.29 84.39 -96.90 -53.4 0.25 0.12 10.5 6.7
1.0 249 172.51 95.25 -77.26 -44.8 0.69 0.38 10.0 7.6
5.0 253 524.38 352.71 -171.67 -32.7 2.07 1.39 30.4 28.1
 10.0 26 195.53 157.73 -37.80 -19.3 7.52 6.07 11.3 12.6
 20.0 18 259.87 222.67 -37.20 -14.3 14.44 12.37 15.0 17.7
100.0 9 270.50 238.20 -32.30 -11.9 30.06 26.47 15.7 19.0
Total: 1567 1621.35 1158.64 -462.71 -28.5 1.03 0.74 100 100
Table 7.7: Summary data for glacier area change between 1850 and 1973 for all glaciers from the
inventory CH-INVGLAZ. ‘Area class’ is in km2 and only the largest size within each class is listed.
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Figure 7.17: a) Relative change in glacier area between 1850 and 1973 vs. glacier area in 1850 for
1567 glaciers of the data set CH-INVGLAZ. b) Relative change in glacier area per decade for seven area
classes and three time periods.
The average area change per decade is calculated for the time periods 1850-1973, 1973-1998/9
and 1985-1998 using the data sets CH-INVGLAZ, (I) and (II) together and (III), respectively.
The data is summarized in Table 7.8 together with the number of glaciers, total area and
change per decade (in km2 and %) for each time period. The relative change per area class is
also depicted in Fig. 7.17b. It must be noted that samples differ (e.g., the 1985-1998 data set is
without glaciers larger than 20 km2) and percentages of total area in each area class are not the
same. This may alter the average decadal loss of area of a distinct area class by a few percent.
On the other hand, data set (II) from the eastern part of Switzerland with a much higher loss
between 1973 and 1999 is not considered. Thus, the decadal loss 1985-1998/9 might even be
somewhat larger. While the decadal change is relatively constant for the period 1850 to 1973
in all area classes, Fig. 7.17b clearly shows that area loss has strongly increased during the last
decades, especially for smaller glaciers. This might already indicate the phase of accelerated
glacier disintegration, as assumed for the next decades by Maisch et al. (2000) from model cal-
culations. For larger glaciers the separation from formerly adjacent tributaries and the
increasing size of rock outcrops will accelerate glacier decrease in the future.
1850 1850 - 1973 1973 1973 - 1998/9 1985 1985 - 1998
 Area Area Change / 10a Area Change / 10a Area Change / 10a
class count [km2] [km2] [%] count [km2] [km2] [%] count [km2] [km2] [%]
0.1 297 17.27 -0.78 -4.5 164 10.05 -2.60 -25.9 79 4.23 -1.95 -46.2
0.5 715 181.29 -7.88 -4.3 448 110.70 -20.17 -18.2 227 53.71 -15.11 -28.1
1.0 249 172.51 -6.28 -3.6 131 89.62 -10.44 -11.6 75 50.95 -9.98 -19.6
5.0 253 524.38 -13.96 -2.7 141 264.21 -18.86 -7.1 76 134.98 -17.15 -12.7
 10.0 26 195.53 -3.07 -1.6 36 260.72 -11.26 -4.3 11 79.29 -5.78 -7.3
 20.0 18 259.87 -3.02 -1.2 13 209.97 -6.85 -3.3 3 49.07 -2.25 -4.6
100.0 9 270.50 -2.63 -1.0 5 225.89 -5.19 -2.3 0 0 0 0
Total 1567 1621.35 -38.30 -2.2 938 1171.16 -75.36 -6.4 471 372.24 -52.22 -14.0
Table 7.8: Summary data for decadal glacier area change from 1850 to 1973, 1973 to 1998/9, and
1985 to 1998. ‘Area class’ is in km2 and only the largest size within each class is listed.
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7.4.3. Changes in glacier length
The comparison of satellite-derived changes in glacier length between 1973 and 1998 with in-
situ measurements reveals very large differences between the two data sets. Only 20 out of 79
selected glaciers showed deviations smaller than about two TM pixels (i.e. 60 m). For all 79
glaciers, differences range from -430 to +480 m with a mean of 124 m and a standard deviation
of 176 m. Visual inspection reveals the following problems (cf. Fig. 7.18):
(1) The most prominent error source results from an additional shortening of the central flow
line at the highest glacier point for at least two reasons: glacier melt around the entire perime-
ter (small glaciers) or the use of small firnfields (couloirs) as a starting point for the central
flow line (larger glaciers). While manual adjustments could help in the latter case, a more gen-
eral discussion about the minimum glacier size to be considered for length change measure-
ments is necessary to solve the former problem.
(2) Manual adjustments are applied to the 1998 flow lines as a consequence of a changed gla-
cier geometry (nunataks, intersection with the glacier perimeter), even for larger glaciers (see
Fig. 7.18). For small or disintegrating glaciers it is often very difficult to decide where to place
a new central flow line, which has a different length per se.
(3) Delineation of debris-covered glacier parts (in 1998) must not coincide with the glacier ter-
minus used in the field. Moreover, the digitized 1973 outline is possibly wrong, due to in-
accurate digitizing or even misinterpretation of the original aerial photography.
(4) Field measurements of length changes are not carried out at the central flow line, but from
various geodetic points in the glacier forefield. Resulting differences are even more pro-
nounced in the case of a broad glacier terminus with various lobes.
Figure 7.18: The original 1973 central flow lines (black) have to be changed (green) in order to resem-
ble the changed glacier geometry (perimeter in 1973 is red, in 1998 blue). The glacier group is also
depicted in Fig. 5.16b (C=Cavagnoli glacier).
C
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In summary, the automatic GIS-based procedure used here for calculation of glacier length
changes is not sufficient. While manual (on-screen) measurements of length changes are an
alternative, a comparison with field measurements has to use the same geodetic control
points (location and number). The required GIS integration of these points may be utilized by
GPS (Global Positioning System) measurements of each point. Meanwhile the GIS-based cal-
culation of length changes can be utilized from a set of arbitrary chosen control points in the
glacier forefield to the glacier front.
7.4.4. Accumulation area ratios
Accumulation area ratios (AARs) are calculated for 167 selected glaciers from the 1985 and
1998 data set of scene 195 (western part of Switzerland). Each glacier is controlled individu-
ally for the assigned snow-covered area by comparison with contrast enhanced TM images.
Glaciers with larger deviations (snow-covered areas tilted away from the sun) are not consid-
ered. For both years glacier outlines from 1973 were used for the total glacier area, as the
uncertainties of the snow cover delineation (about 10 to 20%) are higher than the area change
since 1973, at least for most of the glaciers investigated. Snow delineation from simple thresh-
olds in the 1998 scene is extremely difficult as polluted firn from previous years (partly lower
reflectance than bare ice) and highly reflecting bare ice areas are observed (brighter than
snow). For this reason a thresholded TM3 * TM4 image is used for snow cover delineation, as
both effects mentioned above are strongly reduced in TM4. The chosen threshold (20000) is a
quite good compromise for most glaciers.
As both scenes are acquired near the end of the ablation period, the derived AARs can be
taken as an estimation for the mass balance conditions of that year (cf. 2.1.2). The average val-
ues are: 51% for 1985 and 34% for 1998, indicating a strongly negative balance for 1998 and
somewhat better (but also negative) conditions for 1985. A dependence of the AAR from gla-
cier size could not be observed (correlation coefficient is 0.25).
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8.  CONCLUSIONS AND
PERSPECTIVES
8.1. Conclusions
Landsat 5 TM data and a DEM are used in a GIS environment for compilation of a new Swiss
glacier inventory 2000 (SGI 2000). The remote sensing and GIS methods developed may also
be used in the USGS-led GLIMS project, which aims at a global glacier inventory from space.
8.1.1. Main results of glacier change analyses
Analysis of glacier change for the Swiss Alps reveals the following major findings:
• The relative loss of glacier area between 1973 and 1998/9 is 18% ±3% (about 1/5) with an
assumed corresponding volume loss of about 1/4 (scaled for all glaciers).
• Relative change in area between 1985 and 1992 is similar to the period 1992 to 1998/9
with respect to the 1973 glacier size (about -10% in each period).
• The average decadal relative loss of area from 1985 to 1998 is about seven times higher
than from 1850 to 1973 (but different samples are used).
• The relative change in glacier area depends somewhat on glacier size with an increasing
scatter towards smaller glaciers. Other investigated 3D parameters show no correlation.
• Changes in glacier size are highly individual and only an assessment for a large number
of glaciers (all size classes) gives a representative evaluation.
• The primary causes for area changes in valley and mountain glaciers are: separation from
formerly connected tributaries, emerging rock outcrops, and melting along the perimeter.
• Shrinkage of small glaciers (glacieretes) is enhanced by disintegration, with an even faster
melting of the smaller parts.
These observations can be interpreted as follows: The -20% reduction of glacier area since
1985 is already in the range of the -30% expected in previous studies for the year 2025 (Hae-
berli et al., 2002a). The change is also much faster than observed in the historical record. In
particular the not monitored small glaciers contribute to the area loss, providing a good argu-
ment for intensified satellite observation. The highly variable glacier retreat characteristics
(often associated with arbitrary changes in geometry) makes calculation of future glacier
behaviour from numerical modelling fairly questionable, at least for the majority of all gla-
ciers. Although changes in glacier surface elevation cannot be measured with TM, the
observed changes in glacier geometry indicate a massive down-wasting since 1985 rather
than a dynamic response to a changed climate. Further glacier retreat can be expected in the
future, as a probable dynamic glacier reaction to the hot decade of the 1990s is still to come.
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8.1.2. Results of the DIP - DEM - GIS approach
Glacier classification by means of thresholded TM4/TM5 ratio images is (1) simple, (2) robust,
and (3) accurate, because (1) the method needs neither a DEM nor special image processing
software and is very fast, (2) the threshold value for use is quite obvious and not very sensi-
tive (± 0.1), and the method works also for Landsat 7 ETM+ and Terras ASTER sensor (Band 3
/ Band 4), and (3) the comparison with other methods or manually derived outlines on
higher-resolution satellite imagery has revealed an accuracy of better than 3% for glaciers
larger than 1 km2. The method is able to map clean glacier ice, glacier ice with sporadic
(mixed pixels) or thin debris cover, clean glacier ice beneath thin cirrus clouds as well as in
shadows casted by convective clouds or terrain. Misclassification occurs for vegetation and
turbid water (can be corrected), and debris-covered glacier ice is not mapped (see below).
The DEM is essential for all pre-processing tasks (e.g., orthorectification of satellite images,
digital terrain modelling) as well as post-processing (obtaining 3D glacier parameters, visual-
ization of glacier changes). In order to obtain accurate glacier parameters for comparable
small Alpine glaciers, the new high-precision level 2 DEM25 is used. High license costs are
the major obstacle for operational use of such DEMs for glacier monitoring.
The GIS is used as the central tool for data processing and integration of various data formats
(vector, raster, image), namely: (1) digitizing of glacier outlines, central flow-lines and glacier
basins, (2) raster-vector conversion of TM-derived glacier maps and assignment of glacier
basins and IDs, (3) calculation of 3D parameters from the DEM and storage in corresponding
attribute tables, (4) 2D and 3D visual representation of glacier changes and (5) export of data
tables for further computations (e.g., glacier change).
The module concept (GIS-CONV-VIS) developed can be used for operational processing of
TM imagery, after basic data sets (glacier map, glacier basin vector layer, DEM) are generated.
However, for practical purposes each module can also be used separately. Apart from the cor-
rect identification of individual glaciers, the correct treatment of internal polygons (nunataks)
during calculations is most critical.
8.1.3. Technical problems
During data analysis the following technical problems are encountered:
• Selection of suitable TM scenes from tiny quicklooks.
Although the new quicklooks for Landsat 7 from the USGS data server (about 250 m reso-
lution) are well suited for a first pre-selection, snow conditions cannot be determined pre-
cisely. It would be of great advantage if it were possible to obtain particular TM4
subregions (about 200 by 200 pixels) at original resolution for a small fee.
• Availability of suitable TM scenes for glacier mapping (cloud- and snow-free):
Since 1984 only about 2 or 3 cloud-free, end-of-ablation period scenes with appropriate
snow conditions have been acquired by Landsat TM for the northwestern part of Switzer-
land (e.g., Silvretta, Toedi). Thus, glacier monitoring by means of optical sensors is ham-
pered by frequent cloud cover and the remaining snowfields connected to glaciers.
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• Accurate orthorectification (with an RMSE of less than a pixel) requires a lot of time:
This is a consequence of the disturbances of the inner geometry of ESA-processed TM
scenes, which do not permit the use of the same GCPs for a second scene without adjust-
ments. Relative image matching is not used in the SGI 2000, as geocoded data sets from
different sources are combined in the SGI 2000. The smaller the observed glaciers are, the
better the orthorectification should be.
• Correct delineation of debris-covered ice:
A semi-automatic method of mapping debris-covered glaciers has been developed for the
SGI 2000, but the method relies on the availability of a high-quality DEM and needs man-
ual editing in the last phase. Complete manual delineation on FCCs might provide simi-
lar results, but requires more time. On a pixel-by-pixel basis the latter is quite laborious.
8.1.4. Methodological problems
Some issues that could not be solved remain:
• Glacier identification
A one-to-one relationship between glacier codes in the revised CH-INVGLAZ database
and the digitized 1973 glacier inventory could not be established. The reason for this is
the use of different glacier basins as well as a missing column in the database, responsible
for tracking the parent glacier of all glacier parts assigned.
• Glacier separation
In the SGI 2000 all glacier parts belonging to a 1973 parent glacier are summarized in the
years thereafter for calculation of glacier area changes and hypsography. This is glaciolog-
ically incorrect, but the only way to include most of the glaciers in later samples. The
problem is somewhat more pronounced with respect to new glacier parameters after a
glacier has split into two or more parts. The part to use must be identified manually, as
the GIS requires a unique code for each glacier under consideration. Moreover, the hand-
ling of glacier groups and the smallest glacier monitored should be clarified by a general
discussion among experts on these issues.
• Changes in glacier length
The automatic determination of changes in glacier length from central flow lines is not
realistically possible, as glacier shortening also takes place at the highest glacier point or
changes in glacier geometry (nunataks) result in divided flowlines. Length changes are
difficult to compare with ground measurements because a varying number of fixed geo-
detic points in the glacier forefields and unknown lines of sight are used for the measure-
ments.
Hence, the processing of the globally available old Landsat TM data sets with the efficient
GIS-based methodologies available today may reveal recent glacier changes in detail. This
issue could also be a goal of the GLIMS project.
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8.2. Perspectives
8.2.1. Further applications of SGI 2000 data
As mentioned above, there are some issues left that could not be worked out in this thesis due
to various obstacles (e.g., lack of rules for glacier basin delineation). However, most data can
already be used and a large number of glaciological studies will be possible in the future.
Supplemental issues for the SGI 2000
- identification of the ‘parent glacier’ for each glacier in the CH-INVGLAZ database and
selection of a unique code for each glacier of the digitized 1973 inventory
- creating polygon topology for the digitized 1850 glaciers by intersection with the 1973
glaciers and manual editing
- extension of the ‘2000’ data sets to more of the disappeared glaciers after critical inspec-
tion of the 1973 data sets (outlines and database)
Possible further analysis:
- multivariate statistical analysis and visualization
- geomorphological characterization of glaciers according to their 3D parameters
- change of glacier parameters with DEM resolution and source (ASTER)
- improvement of the parameterization scheme from Haeberli and Hoelzle (1995) by using
more realistic values from the set of 3D parameters (ELA, length of ablation area)
Forthcoming issues:
- improvement of snow classification on glaciers to obtain more accurate AARs
- GIS-based determination of the transient snow line elevation including a DEM
- comparing observed changes in glacier geometry with results from glacier-flow models
- relating observed climate variables with observed glacier fluctuations
8.2.2. Future global glacier monitoring (GLIMS)
Possibilities
The rather simple method used for glacier classification from satellite data (thresholded ratio
images) allows rapid processing and is thus feasible for GLIMS. Automatic GIS-based data
processing alone (without orthorectification and DEM information) enables quick assess-
ments of glacier change (Paul, 2002b). However, multi-temporal change detection from
sequential images is limited to regions of about 50 by 50 km with respect to the geodetic accu-
racy of the Landsat 5 TM raw data.
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While a DEM derived from ASTER stereo bands (3N and 3B) can be used for orthorectifica-
tion, the accuracy of the ASTER DEM-derived glacier parameters has to be evaluated in
future studies. Support from ASTER DEMs can be expected for debris-cover delineation,
especially if glaciers are much larger than Alpine glaciers and 25 m spatial resolution or 10 m
vertical accuracy (RMSE) is not required (Kääb, 2002). If applied to large glaciers (area > 100
km2), one drawback of ASTER data is the small swath covered (60 km on a side). This limita-
tion (shared with DEMs derived from SPOT) is somewhat reduced by the comparably low
price of ASTER data compared to SPOT stereo data or commercial DEMs available from
national agencies. From repeated ASTER data (15 m resolution visible bands) and digital pho-
togrammetry, calculation of glacier surface flow velocities is also possible (Kääb et al., in
press), resulting in an improved understanding of glacier flow characteristics.
The capabilities of today’s GIS are used in full for the GLIMS project. While database manage-
ment (glacier outlines with attributes) and queries, as well as combined visualization of vec-
tor -, raster - and image data sets are used quite frequently, the GIS’ computing capacity can
also be utilized for GLIMS (ratio images, 3D parameters from DEM). Although an opera-
tional, work-flow-oriented processing is feasible, intermediate results should be generated for
quality control (e.g., thresholds). Most time is spent on pre-processing (e.g., orthorectification,
glacier basin and debris-cover delineation). The Arc/Info specific commands and procedures
developed for the SGI 2000 should be transferrable to GIS software from other companies.
Limitations
Some of the limitations for satellite-derived glacier inventories are: Data availability (frequent
cloud cover in high latitudes), data quality (e.g., snow cover hiding the glacier perimeter) and
data pre-processing demands (e.g., orthorectification, debris cover). While accurate orthorec-
tification is a time intensive, but at least achievable task, debris-cover delineation also requires
much time, but may even fail for specific glaciers. In the case of snow or cloud cover, parts of
a scene may be processed and remaining gaps filled by later scenes. Costs may be an addi-
tional limitation, for example fees for satellite data and DEM licences as well as for personnel.
In comparison to a glacier inventory derived from aerial photography, the lower spatial reso-
lution is the major drawback. However, the larger area covered and automatic multi-spectral
glacier classification justify the use of satellite data.
Open questions
The technical problems mentioned above can be managed somehow, while the methodologi-
cal issues may remain unsolved for some time, especially those which refer to glacier splitting
with time. An example of this is, glacier tributaries that are not connected to a main glacier
now, but were, perhaps, some years ago and may be again in some years. The appropriate
way of assigning a unique glacier code for GIS-based processing in such cases must be clari-
fied. However, in view of a first inventory for GLIMS, the problem is more to delineate glacier
basins, especially for ice caps or ice fields, where the drainage pattern is difficult to assess. The
division of glaciers with different accumulation basins that came in contact at their terminus
or of many glacier lobes which originate from a single basin (in a ledge position) remain prob-
lematic.
While in the inventory of Müller et al. (1976) nearly all contributing glacier parts were added
to a single glacier, the revision by Maisch et al. (2000) splits all glaciers according to (some-
times subtle) ice-flow divides, resulting in 2244 instead of 1842 glaciers. With respect to future
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glacier development and GIS-based data handling a correct way of glacier identification must
be defined. The calculation of glacier parameters (including lengths) is straightforward for a
first inventory, but calculations become more complicated with respect to former or future
inventories, because of changes in glacier geometry (rock outcrops) or glacier split (tributar-
ies). With respect to such changes, a base year must be used to define parent glaciers.
8.2.3. Future global glacier monitoring (WGMS)
The use of satellite data for updating or generating glacier inventories has been discussed for
many years (Howarth and Ommanney, 1986; Williams and Hall 1993 and 1998) and is now
part of the GTOS/GCOS as Tier 5 of GHOST. Furthermore, an evolving Global Terrestrial
Network for Glaciers (GTN-G) is established according to Tier 1 to 5 levels of GHOST. Its
structure allows global to regional analyses of glacier changes with different intensities of
measurements at various sites (Haeberli et al., 2002a). Global satellite monitoring of glaciers is
now coordinated within the USGS-led GLIMS project (Kieffer et al., 2000) and possible tech-
niques of data generation have been evaluated in this thesis. The combined use of satellite
imagery and DEMs in a GIS environment is indeed a valuable method of efficient operational
data processing. However, before satellite and GIS-derived glacier data can be used, new
standards of data extraction and their calculation must be defined. This will be one of the
major challenges for glacier monitoring in the 21. century (cf. Haeberli et al., 1998).
The primary use of satellite data will be for the creation of new and updating of former glacier
inventories, as well as for monitoring of changes in glacier geometry and size. While the
updating of entire national inventory data should be repeated at approximately 20 year inter-
vals (depending on the mean size of glaciers under consideration), changes in selected
smaller regions can be monitored more frequently (about 10 year intervals). For particular
glaciers (hazard-related or with a characteristic behaviour) an even shorter interval (yearly)
seems feasible. The exact frequency possible also depends on the availability of cloud-free
scenes from the end of the ablation period and the sensor spatial resolution used.
Measurements of changes in glacier length should be continued by ground-based networks as
far as possible, for a number of reasons: they have better temporal and spatial resolution, data
is required for validation of satellite measurements, and the differing measurement tech-
niques used (central-flow-line vs. multi-point) cannot be compared yet. A combined approach
with yearly ground measurements and longer-term space-borne observation, covering a large
number of remote and unmeasured glaciers, seems most promising.
Glacier mass balance can be estimated from space by the AAR concept or from the elevation
of the transient snow line (TSL) using a DEM. If taken at the end of the balance year, AARs
could indicate a regional pattern of mass balance distribution and the TSL may equal the EL.
Apart from necessary improvements for robust snow classification on glaciers, some care is
required for glaciers with large superimposed ice zones (refrozen meltwater). Satellite-
derived ELAs will be too high in such cases. Comparisons with available field data of mass
balance and ELA in that year should be used to indicate the accuracy.
In the future, detailed studies of individual glaciers with new technologies (e.g., laser scan-
ning) and highest-resolution sensors (Ikonos) may supplement the data available from other
sources. The new satellite-derived data sets could also be used to improve the assessment of
global glacier area and volume as well as glacier change characteristics.
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APPENDIX
1. Tables:
1) Summary statistics (count and area) for all Alpine glaciers.
2) Summary statistics (count and area) for Swiss glaciers.
3) RMSE of used GCPs and CPs for each scene and threshold used for glacier classification.
4) Used parameters for atmospheric correction with PCIs RCOR2 module.
5) RMSE of used GCPs and CPs for each scene, and threshold used for glacier classification.
6) Covariance matrix for the five input channels used in PCA.
7) Eigenvectors of the covariance matrix used for PCA.
8) Eigenvalues, deviation and variance for each eigenchannel as used for PCA.
9) Count and area for each area class of the 1973 inventory sorted for aspect.
2. Programs
2.1 EASI
1) Reflectance and snow mapping from NDSI (Dozier algorithm)
2) Debris-cover mapping (including glacier classification)
(A) debris.mod script for MODEL, (B) EASI script
3) Aspect conversion (0-360° -> 8 sectors)
2.2 AML
1) Point coverage
2) Glacier areas 1973 (inventory) and 1998 (TM)
3) Glacier parameters from DEM
4) Hypsography 100 m
5) Slope facets for individual glaciers
6) Perspective views (example Aletsch region)
2.3 Fortran
1) Removing isolated polygons (debris-mapping)
2) Conversion of WGI-code
3) Hypsography (100 m)
4) 2:1 ELA and 1:1 median elevation
5) Calculation of area changes (two years) sorted for size class
6) Conversion of mean aspect to degrees
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2.4 XMGR
1) Example of batchjob for a 2D scatterplot with ACE/GR.
3. Figures
3.1 Plots
1)  Scatterplot of minimum and maximum elevation vs. glacier size.
3.2 Visuals 2D
1) Left: Differences in glacier mapping using three threshold values (1.8, 1.9, and 2.0).
Right: TM321 composite for the same region to show glacier areas in shadow.
2) Top: Worse snow conditions at 12 Sep 1999 (scene #5) for Silvretta group.
Bottom: Favourable snow conditions in the Bernina group, located 50 km to the south.
3) Top: Bernina group at 21 Sep 1985 (scene #4), 8 days after a snow fall event.
Bottom: Nine days later (scene #1 from 30 Sep 1985, bottom) the new snow has molten.
4) Top: Hue-component of an IHS colour-space transformation with TM bands 3, 4 and 5.
Bottom: Mapping of vegetation free regions with a threshold of 126 (overlay with TM321).
5) Top: NDWI (TM1-TM4)/(TM1+TM4) with DOS from TM1 (scaled to 256 grey levels).
Bottom: Mapping of lakes with a threshold of 0.45 (overlay with TM321).
6) Top: Overlay of glacier, vegetation and slope facet map for the entire test region Aletsch.
Bottom: Combination of the glacier/debris map with the change detection map.
7) Top: Comparison of the glacier map including debris-cover with 1973 glacier outlines.
Bottom: Comparison of debris-cover mapping with the DEM25L2 and an ASTER DEM.
8) Comparison of glacier outlines from TM, Ikonos and the digitized 1973 glacier inventory.
9) TM derived glacier change between 1985 and 1999 (Grisons).
10) TM derived glacier change between 1985 and 1999 (Bernese and Central Alps).
11) TM derived glacier change between 1985 and 1999 (ValaisAlps).
12) Digitized 1973 glacier areas and 1850 outlines for the western part of Switzerland.
13) Digitized 1973 glacier areas and 1850 outlines (for the eastern part of Switzerland.
14) The digitized glacier basin coverage used for intersection with TM-derived glacier maps.
15) Examples of glacier outlines digitized several times (Bernina group).
16) Some more examples of digitized glacier outlines.
3.3 Visuals 3D
1) Täschvalley (IRS-1C / TM fusion) and Göschener Alp (SPOT / TM fusion).
2) Steinglacier (SPOT / TM fusion) and Basòdino- / Cavagnoliglacier (SPOT / TM fusion).
3) Steinglacier and Triftglacier (Ikonos).
4) Grimsel with Aare glaciers (IRS-1C / TM fusion).
5) Valais Alps as seen from TM in 1998 with glacier outlines of 1850 and 1973.
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A 1: Tables
Class Count % Area %
0.0-0.1 1971 36.4 101.23 3.3
0.1-0.5 2411 44.5 533.15 17.2
0.5-1.0 465 8.6 324.83 10.5
 1-5 470 8.7 952.47 30.8
 5-10 71 1.3 497.71 16.1
10-20 27 0.5 387.86 12.5
> 20 7 0.1 293.60 9.5
Total 5422 100 3090.90 100
Table 1: Summary statistics for all Alpine glaciers. Data are taken from the digital WGMS data base
with slightly different values than published in the WGI (IAHS, 1989).
Class Count % Area % Class Count % Area %
0.0-0.1 640 35.0 29.43 2.2 0.0-0.1 0 0.0 0.00 0.0
0.1-0.5 826 45.2 185.47 13.8 0.1-0.5 14 11.9 4.05 0.5
0.5-1.0 156 8.5 108.38 8.1 0.5-1.0 14 11.9 10.03 1.3
1-5 152 8.3 294.80 22.0 1-5 45 38.1 102.19 13.0
 5-10 32 1.8 223.00 16.6  5-10 24 20.3 176.01 22.5
10-20 16 0.9 240.10 17.9 10-20 15 12.7 228.35 29.1
> 20 6 0.3 260.51 19.4 > 20 6 5.1 263.19 33.6
Total 1828 100 1341.69 100 Total 118 100 783.82 100
Table 2: Summary statistics of Swiss glaciers according to the inventory by Müller et al. (1976) (left)
and for glaciers within the Swiss length network (right).
GCP CP
Nr. Sensor Path-Row Date Count RMSE Count RMSE Threshold
1 L5 TM 193-27 (+50%) 30.9. 1985 43 30.1 - - 2.1
2 L5 TM 193-27 (+50%) 17.9. 1992 54 28.1 - - 2.0
3 L7 ETM+ 193-27 (+50%) 13.9. 1999 42 26.0 - - 2.1
4 L5 TM 194-27 (+60%) 21.9. 1985 76 19.3 23 23.1 2.0
5 L5 TM 194-27 (+60%) 12.9. 1999 76 23.8 23 22.7 1.9
6 L5 TM 195-28 12.9. 1985 45 26.2 - - -
7 L5 TM 195-27 (+70%) 28.9. 1985 86 19.2 32 20.9 1.9
8 L5 TM 195-27 (+70%) 15.9. 1992 113 19.4 39 21.4 2.1
9 L5 TM 195-27 31.8. 1998 50 16.2 14 17.8 1.9
10 L5 TM 195-28 31.8. 1998 108 18.3 26 18.7 1.9
11 SPOT Pan 55-256 17.9. 1992 20 3.8 - - -
Table 3: RMS error of GCPs and CPs used for each scene. The threshold value used for glacier
classification with TM4 / TM5 is also given.
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Parameter Description Values
FILE Database File Name weissmies.pix
AFILE Atmospheric Correction File tmmscogr.alt
DBIC Database Input Channel List 7 8 9 10 11
SBAND Satellite Band 1 2 3 4 5
GNCL Satellite Coefficient’s Gain 0.727 1.385 1.102 0.885 0.126
OFCL Satellite Coefficient’s Offset -1.331 -2.346 -1.897 -1.942 -0.398
DBOC Database Output Channel List 12 13 14 15 16
GNSC Scale Coefficient’s Gain 1 1 1 1 1
OFSC Scale Coefficient’s Offset 0 0 0 0 0
MASK Area Mask (Window or Bitmap) 37 26 504 720
DTM DHM Channel 6
ESCALE Elevation Scale and Offset 1
ILLU Illumination Channel 2
CAST Cast-Shadow Channel 3
VD Sky-View Factor Channel 4
VT Terrain-View Factor Channel 5
ZNANGLE Solar Zenith Angle (20-70°) 46.866
DATE Date of the Scene (day/month/
year)
12 9 1985
ELEV Elevation Base Height 450 600 900 1500 2500 3500
VISIBIL Ground Visibility (km) 22 30 40 40 40 40
Table 4:  Parameters used for the atmospheric correction with PCIs RCOR2 module.
Class Nr. Pixel 1 2 3 4 5 6 7 8 9 10
Snow, Sun 1 1853 95.09 0.00 4.91 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Snow, Shadow 2 533 0.00 95.31 0.00 0.00 0.00 0.00 0.19 0.00 0.00 4.50
Ice 3 2530 0.79 0.00 90.16 0.04 0.00 0.00 0.00 0.00 0.00 9.01
Terrain 4 6583 0.00 0.00 0.00 98.51 0.00 1.49 0.00 0.00 0.00 0.00
Forest 5 1928 0.00 0.00 0.00 0.05 92.89 2.13 4.93 0.00 0.00 0.00
Meadow 6 959 0.00 0.00 0.00 0.00 0.52 99.48 0.00 0.00 0.00 0.00
Shadow 7 3809 0.00 1.52 0.03 0.32 6.54 0.03 91.55 0.00 0.00 0.03
Water 8 12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.0 0.00 0.00
Frame 9 2617 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.0 0.00
Ice, Steep Slope 10 376 0.27 0.27 5.05 0.00 0.00 0.00 0.00 0.00 0.00 94.41
Table 5: Confusion matrix of the Maximum-Likelihood classification.
1 2 3 4 5
1 1581.37 - - - -
2 904.97 542.12 - - -
3 1092.57 654.58 795.42 - -
4 519.73 344.10 415.18 560.91 -
5 -199.80 -47.77 -22.32 333.47 1269.14
Table 6: Covariance matrix for the five input channels used in PCA.
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1 2 3 4 5
0.70572 0.41506 0.50142 0.27636 -0.04348
-0.09243 0.00319 0.02752 0.32910 0.93935
0.23297 0.06719 0.14141 -0.89988 0.33382
0.66263 -0.45566 -0.58744 0.06757 0.06028
-0.00808 0.78458 -0.61865 -0.03122 0.02561
Table 7: Eigenvectors of the covariance matrix used for PCA.
Eigen-
channel Eigenvalue Deviation %Variance
1 3105.7400 55.7292 65.40%
2 1404.8179 37.4809 29.58%
3 211.7134 14.5504 4.46%
4 25.2806 5.0280 0.53%
5 1.4108 1.1878 0.03%
Table 8: Eigenvalues, standard deviation and variance
for each eigenchannel as used for PCA.
Size class  0.1 0.5 1.0 5.0 10.0 20.0 100.0 Total
Total count  1022 673 151 157 35 14 5 2057
area 40.09 153.95 104.15 295.99 249.38 216.32 225.81 1285.7
N count 302 185 36 40 14 5 0 582
area 11.54 42.61 23.91 76.14 94.48 77.56 0.0 326.24
NE count 158 112 21 31 9 3 0 334
area 6.33 24.55 15.10 56.72 60.30 44.77 0.0 207.77
E count 90 63 18 18 3 1 1 194
area 3.62 15.15 12.63 43.35 20.20 13.76 27.15 135.86
SE count 68 60 18 15 0 0 3 164
area 2.72 13.02 11.78 26.55 0.0 0.00 140.90 194.97
S count 76 42 11 9 1 1 0 140
area 2.77 10.22 7.78 15.12 9.52 17.44 0.0 63.03
SW count 68 29 10 3 1 1 0 112
area 2.43 7.12 7.01 3.99 9.96 13.77 0.0 44.28
W count 85 51 12 9 2 2 0 161
area 3.62 12.25 8.31 16.36 14.74 30.40 0.0 85.68
NW count 175 131 25 32 5 1 1 326
area 7.05 29.04 17.64 57.77 40.18 18.62 57.77 228.07
Table 9: Count and area (in km2) for each area class of the 1973 inventory, also sorted for aspect.
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A 2: Programs
2.1. EASI
2.1-1 Reflectance and snow mapping from NDSI (Dozier algorithm)
! input: DN from TM1-TM5 (%1-%5)
! outout: glacier map from NDSI (%10)
! #f=(pi*d^2)/cos(zenith angle), d=1.009528, zw=39.1777 (at 31 Aug 1998)
#f=4.1302235;
#r1=(#f/1957)*(1.331+0.727*%1);
#r2=(#f/1829)*(2.346+1.385*%2);
#r3=(#f/1557)*(1.897+1.102*%3);
#r4=(#f/1047)*(1.942+0.885*%4);
#r5=(#f/219.3)*(0.398+0.126*%5);
! * NDSI calculation *
#n=(#r2-#r5)/(#r2+#r5);
! * snow mapping *
if (#r1>0.09) and (#r5<0.2) and (#n>0.4) then
%10=0;
else
%10=255;
endif;
2.1-2 Debris-cover mapping (including glacier classification)
(A) debris.mod script for MODEL
! input: TM4 & TM5 (%9 & %10), hue345(%12),slope(%20)
! output: ice(0), debris(127), other(255) in #g (%27)
! glacier map (#g=0)
if ((%9/%10)>2.0) and (%12>126) then
#g = 0;
else
#g = 255;
endif;
! debris map (#g=127)
if (#g=255) and (%12>126) and (%20<24) and (%20 > 0) then
#g = 127;
endif;
%27 = #g;
(B) EASI script
!*******************
!* debris workflow *
!*******************
file="tm98.pix"
source="debris.mod”
undefval=0
report="term"
r model  (run debris.mod script given above)
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dbic=27
dboc=28
flsz=3,3
mask=
r fme (run median filter)
dbic=28
dboc=22
polv=0,127
r ipg (run image polygon growing)
system "\rm value.dat"
dbgeo=
dbic=22,28
numform="data"
tfile="value.dat"
r numwrit (write values for ice, debris, other [%28] and polygon ID [%22])
system "debris.out" (run Fortran code [see 2.3-1] for elimination of isolated polygons)
dboc=29
dbow=
tfile="debris.dat"
memsize=128
r numread (import result from Fortran code)
2.1-3 Aspect conversion (0-360 deg -> 8 sectors)
! input: aspect in degrees (%5)
! output: aspect sector (%4)
#a = int((%5+22.5)/45.0);
%4 = (mod(#a,8))+1;
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2.2. AML
2.2-1 Point coverage
generate labelch
input labelch.txt
points
q
build labelch point
tables
sel labelch.pat
alter
labelch-id
~
8
~
~
~
q
2.2-2 Glacier areas 1973 (inventory) and 1998 (TM)
imagegrid gl98.tif tmpgr
grid
gl98gr = setnull(tmpgr == 1, tmpgr)
q
gridpoly gl98gr gl98mor
intersect LSEL5_7398 STANZCHISL98 stanzint point
joinitem STANZCHISL98.pat stanzint.pat STANZCHISL98.pat STANZCHISL98#
intersect GL98MOR STANZCHISL98 gl98cc
tables
sel gl98cc.pat
res LSEL5_7398# gt 0
res GRID-CODE eq 0
unload gl98cc.tab AREA LSEL5_7398-id columnar col
q
intersect LSEL5_7398 gl73f98 gl73int point
joinitem gl73f98.pat gl73int.pat gl73f98.pat gl73f98#
tables
sel gl73f98.pat
res LSEL5_7398# gt 0
unload gl73f98.tab AREA LSEL5_7398-id columnar col
q
2.2-3 Glacier parameters from DEM
/* zonalstats calc from dem products
/* joining of slp and vd
/* calculating mean aspect, ela and median elev.
&echo &off
grid
/* SINGR = sin(DHM25L2_ASPGR div deg)
/* COSGR = cos(DHM25L2_ASPGR div deg)
gl73f98elev.stat = zonalstats(GL73F98GR, dhml2intgr, all)
gl73f98slp.stat = zonalstats(GL73F98GR, DHM25L2_SLPGR, all)
gl73f98vd.stat = zonalstats(GL73F98GR, DHM25L2_VDGR, all)
gl73f98sin.stat = zonalstats(GL73F98GR, singr, mean)
gl73f98cos.stat = zonalstats(GL73F98GR, cosgr, mean)
gl73f98psr.stat = zonalstats(GL73F98GR, sradgr, all)
q
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/* new info-file for statistics
/* ----------------------------
tables
copy gl73f98elev.stat gl73f98alle.stat
/* altering item names before joining
/* ----------------------------------
sel gl73f98slp.stat
alter
range
slp_range
~
~
~
~
mean
slp_mean
~
~
~
~
std
slp_std
~
~
~
~
~
sel gl73f98vd.stat
alter
mean
vd_mean
~
~
~
~
std
vd_std
~
~
~
~
~
q
joinitem gl73f98alle.stat gl73f98slp.stat gl73f98alle.stat value
joinitem gl73f98alle.stat gl73f98vd.stat gl73f98alle.stat value
/* deleting superfluous items and adding area in sqkm
/* --------------------------------------------------
tables
dropitem gl73f98alle.stat SUM VARIETY MAJORITY MINORITY MEDIAN
additem gl73f98alle.stat areakm2 4 10 f 3
sel gl73f98alle.stat
calc areakm2 = area / 1000000
/* calculation of mean aspect from sin and cos mean
/* ------------------------------------------------
sel gl73f98sin.stat
unload sinstat.dat value mean columnar col
sel gl73f98cos.stat
unload cosstat.dat value mean columnar col
q
&system meanasp.out
tables
define gl73f98_asp.stat
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value 4 10 b
asp360_mean 4 8 f 1
aspsec_mean 4 4 I
~
sel gl73f98_asp.stat
add from degstat98.dat
/* add item areadif and import from progr. output
/* ----------------------------------------------
define areadif7398.stat
value 4 10 b
AREA_DIF7398 4 8 f 1
~
sel areadif7398.stat
add from analyse7398a.dat
/* add item area98km2 and import from progr. output
/* ----------------------------------------------
define gl73f98_area98.stat
value 4 10 b
area98km2 4 10 F 3
~
sel gl73f98_area98.stat
add from analyse7398b.dat
additem gl73f98alle.stat LSEL5_7398-ID 4 10 b
sel gl73f98alle.stat
calc LSEL5_7398-ID = value
q
joinitem gl73f98alle.stat gl73f98_asp.stat gl73f98alle.stat value
joinitem gl73f98alle.stat areadif7398.stat gl73f98alle.stat value
joinitem gl73f98alle.stat gl73f98_area98.stat gl73f98alle.stat value
/* combining info file with coverage, adding ela & median
/* ------------------------------------------------------
joinitem GL73F98SEL.pat gl73f98alle.stat GL73F98SEL.pat LSEL5_7398-ID
joinitem GL73F98SEL.pat elamedian.stat GL73F98SEL.pat GL73F98SEL-ID
2.2-4 Hypsography 100 m
/*
&echo &off
grid
&do i = 12 &to 47 &by 1
&s h1 = %i% * 100
&s h2 = ( %i% + 1 ) * 100
zone = select(dhml2intgr, [quote value gt %h1% and value <= %h2%])
hypso%i% = zonalstats(gl73f98gr, zone)
kill zone all
&end
quit
tables
&do i = 12 &to 47 &by 1
sel hypso%i%
unload hyp.tab area value %i% columnar col
erase hypso%i%
y
&end
q
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2.2-5 Slope facets for individual glaciers
&echo &off
grid
&do i = 12 &to 44 &by 2
&s h1 = %i% * 100
&s h2 = ( %i% + 2 ) * 100
zonedhmgr = select(dhml2intgr, [quote value gt %h1% and value <= %h2%])
zoneglgr = GL73SELGR + setnull(isnull(zonedhmgr) == 1, 0)
zoneslp%i% = zonalstats(zoneglgr, dhm25l2_slpgr, mean)
kill zonedhmgr all
kill zoneglgr all
&end
quit
tables
&do i = 12 &to 44 &by 2
sel zoneslp%i%
unload slope.tab value area mean %i% columnar col
&end
q
2.2-6 Perspective views (example Aletsch region)
ap
display 1040
aletsch3d
mape aletschgr
pageunits cm
pagesize 29.7 21.0
surface lattice aletschgr
surfacedefaults
surfaceresolution 25
SurfaceObserver Relative 180,35,35000
SURFACEDRAPE image irs_aletsch10m.tif
SURFACEDRAPE arclines gl1850 6
SURFACEDRAPE arclines gl1973 7
q
postscript aletsch3d.gra aletsch3d.eps 1 plotparam.txt
plotparam.txt:
landscape 1
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2.3. Fortran
2.3-1 Removing isolated polygons (debris-mapping)
program
C       *** reads poly-id p(i) and debris map m(i) ***
C       *** and calculates if id of ice and debris is ***
C       *** identical. YES: debris stays, NO: m(i)=190 ***
C       *** VARIABLE ***
        IMPLICIT none
        INTEGER i,m(467500),p(467500),w(500,256),mor(500)
C       *** Open files***
        OPEN (51,file=’polyid.dat’,status=’old’)
        OPEN (52,file=’glaciermap.dat’,status=’old’)
        OPEN (56,file=’debris.dat’)
C       *** Reading data ***
        DO 11 i=1,467500
           READ(51,*,end=11) p(i)
           READ(52,*,end=11) m(i)
           w(p(i),m(i)+1)=1
11      CONTINUE
C       *** Checking polygon-id ***
        DO 12 i=1,350
           IF (w(i,128).eq.w(i,1)) mor(i)=1
12      CONTINUE
C       *** Writing results***
        DO 13 i=1,467500
           IF(m(i).eq.127.AND.mor(p(i)).eq.0) m(i)=190
           WRITE(56,101) m(i)
13      CONTINUE
101     FORMAT(I3)
        STOP
        END
2.3-2 Conversion of WGI-code
program
C       * Conversion of WGI-Code in numberstring *
C       * separate table for code (tabcode.txt)  *
C       *** variables ***
        IMPLICIT none
        INTEGER i,j,k,pos8,xko,yko
        CHARACTER code*8,pos1*2,pos2*2,pos4*2,pos6*2
        CHARACTER let(19)*1,nr1(5)*1,nr2(19)*2
        DATA (let(k),k=1,19)/’A’,’B’,’C’,’D’,’E’,’F’,’G’,’H’,
     &  ’I’,’J’,’K’,’L’,’M’,’N’,’O’,’P’,’Q’,’R’,’S’/
        DATA (nr2(k),k=1,19)/’01’,’02’,’03’,’04’,’05’,’06’,’07’,
     &  ’08’,’09’,’10’,’11’,’12’,’13’,’14’,’15’,’16’,’17’,’18’,’19’/
        DATA (nr1(k),k=1,5)/’1’,’2’,’3’,’4’,’5’/
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C       *** open files ***
        OPEN (52,file=’invgl_code.dat’, status=’old’)
        OPEN (51,file=’invgl_coord.dat’, status=’old’)
        OPEN (56,file=’code_neu.dat’)
        OPEN (57,file=’code_label.dat’)
C       *** conversion ***
        DO 10 i=1,3000
                READ (51,*,end=10) xko,yko
                READ (52,103,end=10) code
                pos8=0
C       -> first letter
        DO 11 j=1,5
           IF (code(1:1).eq.let(j)) THEN
           pos1=nr1(j)
           ENDIF
11      CONTINUE
C       -> first digits
        pos2=code(2:3)
C       -> position 4 = ’/’
           IF (code(4:4).eq.’/’) THEN
           pos4=’00’
           pos6=code(5:6)
                IF (code(7:7).eq.’n’) THEN
                pos8=1
                ENDIF
           ELSE
C       -> position 4 = letter
           DO 12 j=1,19
              IF (code(4:4).eq.let(j)) THEN
              pos4=nr2(j)
              ENDIF
C       *** Writing table ***
              WRITE(56,101) i,",",code,", ",pos1,pos2,pos4,pos6,
     &        ",",pos8,",",xko,",",yko
              WRITE(57,102) pos1,pos2,pos4,pos6,",",xko,",",yko
10      CONTINUE
        WRITE(57,*) ’end’
101     FORMAT(I5,A1,A9,A2,A1,3A2,A1,I2,2(A1,I8))
102     FORMAT(A1,3A2,2(A1,I8))
103     FORMAT(A8)
        STOP
        END
INPUT / OUTPUT DATA EXAMPLE:
invgl_code.dat
A10F/01
A10G/03
code_label.dat
1100601,  794800,  195400
1100703,  791900,  195200
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2.3-3 Hypsography (100 m)
program
C       *** calculates 100 m hypsography according to glacier area ***
C       *** parts (area) for each glacier (nr) and each elevation ***
C       *** interval (elev) from zonalstat output (hypso100m.dat) ***
C       *** VARIABLE ***
        IMPLICIT none
        INTEGER i,j,area,nr,elev,sumarea(2200,50),sumelev(50)
        REAL f,sum
        f=1.e6
C       *** OPEN FILES ***
        OPEN (51,file=’hypso100m.dat’,status=’old’)
        OPEN (56,file=’hypsogl98.dat’)
        OPEN (57,file=’hypsogl98abs.dat’)
        OPEN (58,file=’hypsogl98rel.dat’)
C       *** READING DATA ***
        DO 11 i=1,4200
           READ(51,*,end=11) area,nr,elev
           sumarea(nr,elev)=area
           sumelev(elev)=sumelev(elev)+area
           sum=sum+area
11      CONTINUE
C       *** WRITING OUTPUT ***
        DO 12 i=1,731
           DO 13 j=12,47
           IF (sumarea(i,j).eq.0) GOTO 13
              WRITE(56,101) i,j*100,sumarea(i,j)
13      CONTINUE
12      CONTINUE
        DO 14 j=12,47
           WRITE(57,102) FLOAT(sumelev(j))/f,j*100
           WRITE(58,102) (FLOAT(sumelev(j))/sum)*100.,j*100
14      CONTINUE
101     FORMAT(2I6,I9)
102     FORMAT(F8.2,I6)
        STOP
        END
INPUT / OUTPUT DATA EXAMPLE:
hypso100m.dat
  13125.0000       103          12.000
   2500.0000       116          12.000
  43125.0000       103          13.000
  13125.0000       116          13.000
hypsogl98.dat
3  2500     6250
4  2700    20625
5  2400     1875
5  2500   100625
5  2600   101250
5  2700    68125
5  2800    26250
A 2: PROGRAMS 169
The New Swiss Glacier Inventory 2000 - Application of Remote Sensing and GIS PhD thesis Frank Paul
A
2.3-4 2:1 ELA and 1:1 median elevation
program
C       *** calculates 2:1 (ELA) and 1:1 (median) elevation ***
C       *** from area parts (area) within each elevation zone (elev) ***
C       *** for each glacier (nr) using zonalstat output (zone.tab) from arc/info ***
C       *** Variables ***
        IMPLICIT none
        INTEGER i,j,area,nr,zonearea(2200,470),sumelev(470)
        INTEGER sumzone(2200),gwl(2200),sumarea(2200)
        REAL elev
C       *** Open files ***
        OPEN (51,file=’zone.tab’,status=’old’)
C       OPEN (56,file=’gwl.dat’)
        OPEN (56,file=’median.dat’)
C       *** Reading data ***
        DO 11 i=1,94555
           READ(51,*,end=11) area,nr,elev
           zonearea(nr,INT(elev/10.))=area
           sumarea(nr)=sumarea(nr)+area
           sumelev(elev/10)=sumelev(elev/10)+area
11      CONTINUE
        GOTO 12
C       *** Calculation and output ***
        DO 12 i=1,2200
           DO 13 j=120,470
           sumzone(i)=sumzone(i)+zonearea(i,j)
              IF (gwl(i).eq.0) THEN
                 IF (FLOAT(sumzone(i)).gt.FLOAT(sumarea(i))/2.) THEN
                   gwl(i)=(j-1)*10
                 ENDIF
              ENDIF
13         CONTINUE
        WRITE(56,101) i,gwl(i)
12      CONTINUE
        WRITE(57,102) (FLOAT(sumelev(j))/1.e6,j*10,j=120,470)
101     FORMAT(I6,I8)
102     FORMAT(F8.3,I7)
        STOP
        END
2.3-5 Calculation of area changes (two years) sorted for size class
program
C       *** reads 2 data files (area, id) and calculates differences ***
C       *** VARIABLE ***
        IMPLICIT none
        INTEGER anz,i,j,k,b,fk(1000),fksum(7)
        REAL a,a73(1000),a98(2000),fka73(7),fka98(7),fkdif(7),f
        REAL sum73,sum98,difsum,sd,klgr(7),sumfk(3),fkdifsum,fk73sum
        DATA (klgr(k),k=1,7)/1.e5,5.e5,1.e6,5.e6,1.e7,2.e7,1.e8/
3. for ELA!
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        f=1.e6
C       *** OPEN FILES ***
        OPEN (51,file=’gl73f98.tab’,status=’old’)
        OPEN (52,file=’gl98cc.tab’,status=’old’)
        OPEN (55,file=’gldif7398.dat’)
        OPEN (56,file=’gldifabs7398.dat’)
        OPEN (57,file=’gldiffk7398.tab’)
        OPEN (58,file=’gldiffk7398.dat’)
        OPEN (59,file=’analyse7398.dat’)
C       *** READ DATA ***
        DO 11 i=1,1000
           READ(51,*,end=11) a,b
           a73(b)=a73(b)+a
           sum73=sum73+a
        DO 12 j=7,1,-1
           IF (a.lt.klgr(j)) THEN
           fk(b)=j
           ENDIF
12      CONTINUE
11      CONTINUE
        DO 13 i=1,2000
           READ(52,*,end=13) a,b
           a98(b)=a98(b)+a
           sum98=sum98+a
13      CONTINUE
        sd=sum98-sum73
        difsum=(sd/sum73)*100.
C       *** COUNTING SIZE CLASSES ***
        DO 14 b=2,800
           IF(a73(b).ne.0.0) THEN
           fksum(fk(b))=fksum(fk(b))+1
           fka73(fk(b))=fka73(fk(b))+a73(b)
           fka98(fk(b))=fka98(fk(b))+a98(b)
           WRITE(55,101) a73(b)/1.e6,((a98(b)-a73(b))/a73(b))*100.
           WRITE(56,102) a73(b)/1.e6,(a98(b)-a73(b))/f
           WRITE(59,105) b,((a98(b)-a73(b))/a73(b))*100.
           ENDIF
14      CONTINUE
C       *** WRITING RESULT TABLES ***
        WRITE(57,*) ’Flkl. Anz.   Fl.73    Fl.98    Diff.    %
     &    Ø km   Ø 73    Ø 98   % 73   % 98’
        WRITE(58,*) ’Flkl.  Sumfl.  Sumdif.  % kumul.’
        DO 15 i=1,7
           anz=anz+fksum(i)
           fkdif(i)=fka98(i)-fka73(i)
           WRITE(57,103) klgr(i)/f,fksum(i),fka73(i)/f,fka98(i)/f,
     &     fkdif(i)/f,(fkdif(i)/fka73(i))*100.,fkdif(i)/(fksum(i)*f)
     &     ,fka73(i)/(fksum(i)*f),fka98(i)/(fksum(i)*f),
     &     (fka73(i)/sum73)*100.,(fka98(i)/sum98)*100.
           fkdifsum=fkdifsum+fkdif(i)
           fk73sum=fk73sum+fka73(i)
           WRITE(58,104) klgr(i)/f,fk73sum/f,fkdifsum/f,
     &     (fkdifsum/fk73sum)*100.
15      CONTINUE
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        sumfk(1)=fkdif(1)+fkdif(2)+fkdif(3)
        sumfk(2)=fkdif(4)+fkdif(5)
        sumfk(3)=fkdif(6)+fkdif(7)
        WRITE(57,106) ’Total:’,anz,sum73/f,sum98/f,sd/f,
     &  difsum,sd/(anz*f),sum73/(anz*f),sum98/(anz*f)
        WRITE(57,*)
        WRITE(57,*) ’Summarized area part on decrease in % (<1, 1-10, >10):’
        WRITE(57,*) ((sumfk(i)/sd)*100.,i=1,3)
        WRITE(58,*)
        WRITE(58,*) ’Percentage of area part on decrease’
        WRITE(58,107) (klgr(i)/f,(fkdif(i)/sd)*100.,i=1,7)
        WRITE(58,*)
        WRITE(58,*) ’Relative loss per area class’
        WRITE(58,108) (i,(fkdif(i)/fka73(i))*100.,i=1,7)
101     FORMAT(F8.4,F8.1)
102     FORMAT(F8.4,F8.3)
103     FORMAT(F5.1,I5,3F9.2,F7.1,3F8.2,2F7.1)
104     FORMAT(F5.1,2F9.2,F8.2)
105     FORMAT(I5,F8.1)
106     FORMAT(A5,I5,3F9.2,F7.1,3F8.2)
107     FORMAT(F5.1,F8.1)
108     FORMAT(I3,F8.1)
        STOP
        END
2.3-6 Conversion of mean aspect to degrees
program
C       *** reads sine and cosine data from zonalstats output ***
C       *** and calculates mean value in degrees and sector ***
C       *** VARIABLES ***
        IMPLICIT none
        INTEGER i,v,s
        REAL f,x,y,d,n,w(2100)
        f=180./(4.*ATAN(1.))
C       *** OPEN FILES ***
        OPEN (51,file=’sinstat.dat’,status=’old’)
        OPEN (52,file=’cosstat.dat’,status=’old’)
        OPEN (56,file=’degstat.dat’)
        OPEN (57,file=’secstat.dat’)
C       *** READING DATA AND WRITING OUTPUT ***
        DO 11 i=1,2057
           READ(51,*,end=11) v,x
           READ(52,*,end=11) v,y
           n=sqrt(x*x+y*y)
           d=MOD(360.+(ATAN2(x,y))*f,360.)
           s=(MOD(NINT(d/45),8))+1
           WRITE(56,101) v,d,s
           w(i)=d
C          WRITE (57,103) x/n,y/n
101     FORMAT(I5,F8.1,I3)
102     FORMAT(F7.1)
103     FORMAT(2F9.4)
        STOP
        END
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INPUT / OUTPUT DATA EXAMPLE:
sinstat.dat
3    206.3840
4  -2553.9792
5    115.7823
cosstat.dat
3     86.8270
4    393.3500
5   -111.6863
degstat.dat
3    67.2  2
4   278.8  7
5   134.0  4
2.4. XMGR
2.4-1 Example of batchjob for 2D scatterplot with ACE/GR
source disk
type nxy
read "elevmima.dat"
read "elevstat.dat"
autoscale
world 0.01,1000,100,5000
g0 type logx
sets linestyle 0
s0 symbol 9
s0 symbol size 0.3
s1 symbol 10
s1 symbol size 0.3
s2 symbol 18
s2 symbol linewidth 3
s3 symbol 18
s3 symbol linewidth 3
subtitle "Minimum and maximum glacier elevations"
subtitle font 0
xaxis label "Glacier size [sqkm]"
xaxis tick major grid on
xaxis tick major linestyle 2
xaxis ticklabel prec 3
xaxis tick minor 1
xaxis tick major 1
yaxis label "Elevation [m]"
yaxis tick major grid on
yaxis tick major linestyle 2
yaxis tick minor 100
yaxis tick major 1000
INPUT DATA EXAMPLE:
elevmima.dat
   0.0254  2526  2622
   0.0178  2632  2724
   0.0418  2472  2650
elevstat.dat
0.01   2912.84  3073.56
0.10   2804.28  3205.24
0.50   2665.81  3344.65
1.00   2582.60  3608.45
5.00   2254.46  3808.68
10.0   2176.00  3947.31
20.0   1820.25  4231.75
100.0  1820.25  4231.75
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A 3: Figures
3.1. Plots
Fig. 3.1-1: In this diagram minimum (black) and maximum (red) elevation is plotted vs. glacier size
(including size class averages in green and blue, respectively). Although individual pairs are not con-
nected, the high variability of glacier elevation range is obvious, in particular for smaller glaciers.
3.2. Visuals 2D
Fig. 3.2-1: Left: Using three different threshold values for glacier mapping 2.0 (grey), 1.9 (grey and
blue) and 1.8 (grey, red and blue). The classification is most sensitive to the threshold for glaciers
located in cast shadow, visible on the TM321 image shown at right for comparison.
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Fig. 3.2-2: Difficult snow conditions at 12 Sep 1999 (scene #5) for Silvretta group (top) and favoura-
ble snow conditions in the Bernina group (bottom), which is located about 50 km to the south.
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Fig. 3.2-3: The Bernina group at 21 Sep 1985 (scene #4, top), 8 days after a snow fall event with many
glaciers still completely snow-covered. Nine days later (scene #1 from 30 Sep 1985, bottom) the new
snow has molten, unveiling a more complex shape of the TSL (cf. Fig. 3.2-2 for glacier retreat).
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Fig. 3.2-4: Mapping of vegetation-free regions with scene #10 using the hue-component of TM345
(top) and a threshold of 126. The obtained binary map is combined with a TM321 composite (bottom).
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Fig. 3.2-5: Mapping of lakes with scene #10 using the NDWI [(TM1-TM4) / (TM1+TM4)] and DOS
in TM1 (top) and a threshold of 0.45. The resulting binary map is combined with TM321 (bottom).
178
The New Swiss Glacier Inventory 2000 - Application of Remote Sensing and GIS PhD thesis Frank Paul
1
A
Fig. 3.2-6: Overlay of the glacier, vegetation and slope-facet maps for the Aletsch test region at top (cf.
Fig. 5.9a). With respect to slope values below/above 24°, colours are: glacier: blue/purple, vegetation:
yellow/green, debris: brown/grey. At bottom the overlay of the change detection map (red and orange)
with the classified ice (dark grey), debris map (grey) is shown. While the orange regions are not consid-
ered, the red areas interfere with the debris layer, indicating required adjustments (arrows).
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Fig. 3.2-7: At top the overlay of the glacier map (including debris cover) with a TM321 composite and
the digitized 1973 glacier outlines (red) is shown for the Aletsch test region. At bottom the comparison
of the debris cover derived from the DEM25L2 is shown in red and green, and with the ASTER-derived
DEM in blue and green. The ASTER scene is only available for the right part of the region.
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Fig. 3.2-8: Comparison of glacier outlines derived from TM in 1998 (blue), manually from Ikonos in
2000 (green) and from the digitized 1973 glacier inventory (red). © Spaceimaging Europe / NPOC.
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Fig. 3.2-9: Glacier retreat in Grisons between 1985 and 1999 (red) as derived from TM raw data (at
top left: Silvretta group, top right: Bernina group). Blue pixels refer to snow or cloud cover in 1999.
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Fig. 3.2-10: Glacier changes in the Bernese and Central Alps between 1985 and 1998 (red) as derived
from TM raw data (‘Grosser Aletschgletscher’ in the lower centre).
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Fig. 3.2-11: Glacier changes in the Valais Alps between 1985 and 1998 (red) as derived from TM raw
data (Mont Blanc group to the lower right, Mischabel group at top centre).
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N
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Fig. 3.2-12: The digitized Swiss glacier inventory from 1973 (grey areas) and glacier outlines from
1850 (red) for the western part of Switzerland. See Fig. 3.2-11 for the eastern part at same scale.
N
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Fig. 3.2-13: The digitized Swiss glacier inventory from 1973 (grey areas) and glacier outlines from
1850 (red) for the eastern part of Switzerland.
N
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N
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Fig. 3.2-15: Examples of digitized glacier outlines for sub-regions of the Bernina group (see ‘d)’ for
locations and glacier polygons used). The red and blue outlines are digitized by the same person, black
outlines are digitized by another person. In particular the black lines in ‘a)’ exhibit differences in gener-
alization of fine details.
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Fig. 3.2-16: Some more examples of digitized glacier outlines for small sub-regions of the Bernina
group (see 3.2-15d for locations). The red and blue outlines are digitized by the same person, black out-
lines are digitized by another person. The example in b) shows a very good correspondence of all three
data sets, while the example in c) exhibit differences in geocoding of the base map.
N
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3.3. Visuals 3D
Fig. 3.3-1: a) Täschvalley with Findelenglacier (F, 19 km2) as seen from northwest on a fused TM /
IRS-1C pan image from 1998 and 1997 with glacier outlines from 1850 (red), 1973 (blue) and 1998
(yellow). The long side of the image is 14 km. b) Göschener Alp as seen from east on a fused TM / SPOT
pan image from 15 / 17 Sep 1992 (front side of the image is 14.5 km wide). Glacier outlines from 1850
(red) and 1973 (blue) are superimposed. While some of the glaciers partly are still larger than in 1973
others have vanished completely (a subsection is shown in 2D in Fig. 7.12). DEM25 © swisstopo.
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Fig. 3.3-2: a) Steinglacier (about 8 km2) as seen from north on a fused TM / SPOT pan image from 15
/ 17 Sep 1992 with glacier outlines from 1850 (red) and 1973 (yellow). The main terminus of Steingla-
cier (S) is still in contact with a pro-glacial lake and about 190 m longer than in 1973, while his second
tongue (T) has receded. In the SGI 2000 the entire glacier system is treated as one glacier, since ice flow
divides are difficult to determine. b) Basòdinoglacier (B, 2.3 km2) and Cavagnoliglacier (C, 1.3 km2) as
seen from northeast with the same fused TM / Spot pan image and glacier outlines as above. Addition-
ally TM-derived 1998 outlines are superimposed in green. While Basòdinoglacier is in part still larger
than in 1973, the glacier to its right shows only little change from 1973 to 1998. Despite the similar
topographic setting, Cavagnoliglacier and his left neighbours in particular shrunk significantly or even
vanished until 1998 (cf. Fig. 5.16b for a 2D image). DEM25 © swisstopo.
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Fig. 3.3-3: a) Steinglacier (S) as seen from north with Ikonos on 17 Sep 2000 in a perspective view
using the DEM25L2 and depicting 1973 glacier outlines in red (cf. Fig. 3.3-2). The SPOT pan image
from 17 Sep 1992 is used to fill the foreground. While Steinglacier is in part still longer than in 1973,
Steinlimmiglacier (T) has receded strongly. b) The same Ikonos scene is used to visualize the dramatic
down-wasting of the approximately 400 m wide Triftglacier (17km2) tongue within 25 years, by depict-
ing 1998 glacier outlines in green. The pro-glacial lake has expanded rapidly since 2000, leading to a
possible floating of the tongue (cf. Fig. 2.5d). Ikonos data: ©Spaceimaging Europe / NPOC. DEM25 ©
swisstopo.
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Fig. 3.3-4: Grimsel as seen from east on a fused TM / IRS-1C image (from 1998 / 1997), showing gla-
cier outlines from 1850 (blue), 1973 (red) and 1998 (green). IRS-1C data is not available for the dark
strip in the foreground and is replaced by TM data. The long side has 20 km. DEM25 © swisstopo.
N
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Fig. 3.3-5: Overview of Valais Alps in a perspective view with a TM scene from 1998 and glacier out-
lines from 1850 (red) and 1973 (blue) on the DEM25L2. The long side has 45km. DEM25 © swisstopo.
N
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A 4: Software
Overview
The entire SGI2000 was performed in a UNIX environment on SUN workstations using the
software described below (PD=Public Domain):
FrameMaker: Desktop publishing program from Adobe (v5.5.6)
Netscape: Internet browser (v4.75)
Fortran 77: Scientific programming language
PCI: Digital image processing software from PCI-geomatics (v6.3)
Arc/Info: GIS for spatial data handling and manipulation from ESRI (v8.0)
ArcView: GIS for simultaneous visualization of vector and raster data from ESRI (v3.2)
XMGR: PD data visualisation tool from ACE/gr (v4.1.2)
ImageMagick: PD image manipulation and format conversion software package (v4.2.1)
XView: PD tool for image enhancement and format conversion (v3.10a)
XPAINT: PD image manipulation tool (v2.4.7)
Comments
The thesis is written with FrameMaker using the eleven point Palatino font for the main text.
The internet browser Netscape is used for selection of satellite images (quicklook browsers
from EURIMAGE, the EROS Data centre, SPOT image and the NPOC), to maintain a
homepage of the SGI 2000 (http://www.geo.unizh.ch/~fpaul/SGI2000) and the GLIMS
project (http://www.geo. unizh.ch/~kaeaeb/GLIMS) as well as for some of the illustrations
used and references cited in the text. Fortran77 programs are used for various calculations,
data conversions and formatted output.
The commercial PCI-geomatics software package is used for processing of satellite imagery.
Especially image works (visualisation and classification), gcpworks (gcp collection), Xpace (inter-
active processing) and EASI (script-based processing) is used. Arc/Info is utilized for all GIS
based processing, including digitizing and editing (arcedit), raster - vector conversion and
data selections (arc), 3D visualizations (arcplot), calculations with raster data (grid) and input/
output of results (tables). AML scripts are used for automatic processing of work flows and 3D
vector/raster overlays. Arcview is used for data analysis and 2D overlays. The scatter plots
are created with XMGR, which is able to operate in an automatic batch mode.
Various software tools from the public domain are used for interactive editing of imagery.
This includes ImageMagick for interactive contrast enhancement (display), file format conver-
sion and image cropping (convert) as well as creation of RGB images (combine). Xview is
mainly used for interactive contrast enhancement/pseudo colouring and generation of post-
script output. Scales and legends as well as delineation of debris-covered regions on glaciers
is performed with Xpaint. Other software frequently applied includes ghostscript (eps to tif
conversion), Imagetool (postscript visualization) and UNIX shell scripts (file conversions).
For the following Figures the DEM25 from Swisstopo is used:
3.1, 3.2, 3.5, 3.6, 3.7, 4.11, 5.7, 5.8, 6.7, 7.1, 7.4, 7.5, 7.15, 7.16 and App. 3.3-1 to 3.3-5.
The DEM25 is reproduced by permission of the Swiss Federal Office of Topography
(BA024887).
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Abbreviations and acronyms
2D, 3D: 2 dimensional, 3 dimensional
AAR: Accumulation Area Ratio
AML: Arc Macro Language
ASTER: Advanced Spaceborne Thermal Emission and reflection Radiometer
BI: Bilinear Interpolation
CC: Cubic Convolution
CH-INVGLAZ: Revised database of the Swiss glacier inventory 1850/1973
CP: Check Point
DEM: Digital Elevation Model
DIP: Digital Image Processing
DOS: Dark Object Subtraction
DN: Digital Number
DSM: Digital Surface Model
DTM: Digital Terrain Model
ELA: Equilibrium Line Altitude
EOSAT: Earth Observation Satellite Agency
ERS 1/2: European Radar Satellite 1/2
ESA: European Space Agency
ESRI: Environmental Systems Research Institute
ETM+: Enhanced Thematic Mapper Plus
FCC: False Colour Composite
GCOS: Global Climate Observing System
GCP: Ground Control Point
GCM: Global Circulation Model
GHOST: Global Hierarchical Observing Strategy
GIS: Geographic Information System
GLIMS: Global Land Ice Measurements from Space
GLOF: Glacier Lake Outburst Flood
GPS: Global Positoning System
GTOS: Global Terrestrial Observing System
GTN-G: Global Terrestrial Network - Glaciers
HRV: High Resolution Visible
IAHS: International Association of Hydrological Sciences
ID: IDentification number
IFOV: Instantaneous Field Of View
IHS: Intensity-Hue-Saturation
IPCC: Intergovernmental Panel on Climate Change
IRS: Indian Remote sensing Satellite
ISODATA: Iterative Self Organizing DATa Analysis
LIA: Little Ice Age
MBB: Mass Balance Bulletin
MIR: Middle InfraRed
MLC: Maximum-Likelihood Classification
MODIS: MODerate resolution Imaging Spectroradiometer
MSS: Multi-Spectral Scanner
NASA: National Aeronautics and Space Administration
NDSI: Normalized Difference Snow Index
NDVI: Normalized Difference Vegetation Index
NDWI: Normalized Difference Water Index
NIR: Near InfraRed
NN: Nearest Neighbour
NPOC: National Point Of Contact
NSIDC: National Snow and Ice Data Center
OMEGA: Operational Monitoring of European Glacial Areas
Pan: Panchromatic
PC: Principal Component
PCA: Principal Component Analysis
RGB: Red Green Blue
RMSE: Root Mean Square Error
RSL: Remote Sensing Laboratories
SAR: Synthetic Aperture Radar
SCA: Snow Covered Area
SGI 2000: Swiss Glacier Inventory 2000
SIZ: Superimposed Ice Zone
SPOT: Système pour l’Observation de la Terre
TM: Thematic Mapper
TSL: Transient Snow Line
UNEP: United Nations Environmental Program
USGS: United States Geological Survey
VIS: Visible
WEQ: Water EQuivalent
WGI: World Glacier Inventory
WGMS: World Glacier Monitoring Service
XS: Multi-Spectral
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